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NUMERICAL CALICULATIONS FOR THE CHARACTERISTICS OF A GAS 

FLOWING AXIALLY THROUGH A CONSTRICTED ARC 

By Velvin R .  Watson and Eva B. Pegot 

Ames Research Center 

SUMMARY 

Numerical programs t o  ob ta in  so lu t ions  f o r  t h e  c h a r a c t e r i s t i c s  of a gas 
The numerical pro- flowing a x i a l l y  through a cons t r i c t ed  a r c  a r e  presented. 

g r a m s  use real equi l ibr ium gas p rope r t i e s  and solve simultaneously t h e  energy, 
momentum, and cont inui ty  equations.  A x i a l  conduction, r a d i a l  p ressure  g rad i -  
en t s ,  and r a d i a l  vo l tage  g rad ien t s  are neglected.  The so lu t ions  g ive  t h e  a r c  
c h a r a c t e r i s t i c s  i n  s u f f i c i e n t  d e t a i l  t o  eva lua te  t h e  many approximate so lu-  
t i o n s ,  and t h e  computing t ime (approximately 2 min) i s  s u f f i c i e n t l y  shor t  
t h a t  t h e  programs may be used d i r e c t l y  t o  obta in  design c r i t e r i a  f o r  plasma 
generators .  

Numerical so lu t ions  for a r c s  within 0.635 and 1.27 -cm-diameter 
c o n s t r i c t o r s  a r e  presented and t h e  design opt imizat ion of cons t r ic ted-arc  
plasma generators  i s  discussed.  The numerical so lu t ions  i n d i c a t e  t h a t  with 
ni t rogen,  t o t a l  en tha lp ies  i n  excess of 5 ~ 1 0 ~  J/kg and v e l o c i t i e s  i n  excess 
of 18,000 m / s  may be obtainable  a t  t h e  e x i t  of a cons t r ic ted-arc  plasma 
generator .  

ITJTRODUCTION 

The cons t r i c t ed  a r c  has r ecen t ly  been employed (as i n  t h e  device shown 
i n  f i g .  1) t o  generate  hot ,  dense plasma flows fo r  production of t h e  very 
high heat  f luxes  requi red  i n  mater ia l s  t e s t i n g ,  and t o  produce t h r u s t .  
Approximate so lu t ions  f o r  t h e  c h a r a c t e r i s t i c s  of t h e  flow through t h i s  con- 
s t r i c t e d  a r c  ( r e f s .  1-6) p red ic t  t h e  arc-column c h a r a c t e r i s t i c s  w i t h  varying 
degrees of accuracy. The discrepancies  between a c t u a l  and p red ic t ed  charac- 
t e r i s t i c s  a r e  a r e s u l t  of t h e  s implifying approximations incorporated i n t o  
each model t o  permit an  a n a l y t i c a l  or semianalyt ical  so lu t ion ;  t h e  extent  t o  
which t h e s e  var ious approximations inf luence t h e  behavior of t h e  so lu t ions ,  
however, i s  not r e a d i l y  apparent.  

The purpose of t h i s  paper i s  t o  present  numerical methods f o r  solving a 
more complete model with fewer and, presumably, more r e a l i s t i c  assumptions. 
These so lu t ions  are s u f f i c i e n t l y  d e t a i l e d  t o  evaluate t h e  s impl i f i ed  models 
and t o  ga in  f u r t h e r  i n s igh t  i n t o  t h e  behavior of t h e  cons t r i c t ed  a rc .  

An evaluat ion of t h e  approximations f o r  t h e  t h e o r e t i c a l  model presented 
i n  re ference  1 has a l ready  been made and w a s  presented i n  re ference  7. The 
numerical so lu t ions  used f o r  t h i s  evaluat ion a r e  presented i n  appendix A. 
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A 

Several  a r c  c h a r a c t e r i s t i c s  were s tud ied  with these  numerical methods 
and t h e  results of t h e s e  s tud ie s  are presented. The r e s u l t s  i nd ica t e  methods 
f o r  optimizing t h e  design of a p l a s m  generator  f o r  p a r t i c u l a r  a r c  charac te r -  
i s t i c s ,  and these  methods are discussed. 

I n  a previous work by Masser (ref.  8) a s i m i l a r l y  complete method was 
presented f o r  solving t h e  cons t r ic ted-arc  problem. However, it w i l l  be shown 
t h a t  t o  obta in  t h e  same accuracy Masser’s method m y  requ i r e  a longer comput- 
ing 
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time than  t h e  method presented herein.  

NOMENCLATURE 

cross  - sec t iona l  area of t h e  c o n s t r i c t o r ,  m2 

parameter of t h e  l i n e a r  approximation 

zero frequency speed of sound, m/s  

s p e c i f i c  heat  a t  constant pressure,  J/kg OK 

o = Ag9, mho/W 

diameter 

vol tage gradien t ,  V/m 

2. 4/RAg1/ 

mass-average enthalpy, J/kg (Hm = 0 at 0 

enthalpy averaged over space, J/kg (H, = 0 at  Oo K) 

t h e o r e t i c a l  mass average enthalpy i n  t h e  asymptotic region of t h e  a r c  

0 
K) 

( ref .  l), 0.133 cpI/kRAg1’2, J/kg 

enthalpy, J/kg (h  = 0 at  0’ K) 

cen ter  - l i n e  enthalpy, J/kg 

t o t  a1 enthalpy, J/kg 

t h e o r e t i c a l  cen te r - l i ne  enthalpy i n  t h e  asymptotic region of t h e  a r c  
( ref .  1) , 0 307  cPI/kRAg1’*, J/kg 

current ,  A 

thermal conduct ivi ty ,  W/m OK 

mass -flow rate, kg/s 

pressure,  N/m2 
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cons t r i c to r  i n l e t  pressure,  N/m2 

l o c a l  heat t r ans fe r  rate from t h e  surface of t he  a r c  column t o  t h e  
cons t r i c to r  w a l l ,  W/m2 

r a d i a t i v e  component of t h e  heat t r a n s f e r  r a t e  t o  t h e  cons t r i c to r  w a l l ,  
W/m2 

t o t a l  heat t r a n s f e r  rate t o  t h e  cons t r i c to r  w a l l ,  W/m2 

t h e o r e t i c a l  heat  t r a n s f e r  ra te  from t h e  surface of t h e  a rc  column i n  t h e  
asymptotic region of t h e  a r c  (ref.  l), 0.383 I/R2Ag1'2, W/m2 

cons t r i c to r  rad ius ,  m; a l s o  gas constant 

r a d i a l  d i s tance  f r o m t h e  a x i s  of t h e  a r c  column, m 

temperature, K 

a x i a l  ve loc i ty ,  m / s  

radial  ve loc i ty ,  m/s  

c ompr e s s ib  i li t y 

a x i a l  d i s tance  along t h e  column, m 

c h a r a c t e r i s t i c  length f o r  t h e  a r c  (ref. l), Ihcp/fik, m 

azimuthal coordinate of t h e  a r c  column, radians 

v i scos i ty ,  Ns/m2 

magnetic permeabili ty,  N/A2 

densi ty  , kg/m3 

e l e c t r i c  conduct ivi ty ,  mho/m 

thermal conductivity funct ion,  

0 

k dT, W/m ((P = 0 at  Oo K) 

DEVELOPMEm O F  NLDE?ICAL ANALYSIS 

Theore t ica l  Models f o r  t h e  Numerical Calculations 

The t h e o r e t i c a l  models f o r  t h i s  work are assumed t o  be governed by one 
of t h e  following two sets of equations.  
case of axial symmetry; equation (2) allows f o r  asymmetric flow without 
s w i r l .  

Equation (1) is appl icable  t o  t h e  
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JAPU dA = in 

JAPU dA = in I 
I n  present ing t h e  equations i n  t h e  above form it i s  assumed t h a t :  

1. 

2. 

The gas flow i s  s teady and laminar.  

The e l e c t r i c  discharge i s  s t a t iona ry  and t h e  e l e c t r i c  p o t e n t i a l  i s  
constant on planes perpendicular t o  t h e  axis. 

3. 
conduct ion.  

4. 

Axial  heat  conduction is neg l ig ib l e  compared t o  r a d i a l  heat  

Lorentz fo rces  are neg l ig ib l e  compared t o  dynamic and s t a t i c  
pressure forces .  

5. The r a d i a l  pressure grad ien t  i s  neg l ig ib l e  compared t o  t h e  s t a t i c  
pressure.  

A d e t a i l e d  d iscuss ion  of t h e s e  assumptions i s  presented i n  re ference  1. 

I n  comparison, t h e  model of re ference  1 contains  a l l  of t h e  above 
assumptions and approximations i n  add i t ion  t o  t h e  following s implifying 
approximat ions : 

4 



1. The mass f l u x  is  assumed constant throughout t h e  c o n s t r i c t o r .  

2. The enthalpy p r o f i l e  a t  t h e  cons t r i c to r  i n l e t  is  assumed to be a 
Bessel funct ion.  

3. The more important gas p rope r t i e s  - enthalpy, thermal conduct ivi ty  
po ten t i a l ,  and electrical conduct ivi ty  - are assumed to be  l i n e a r l y  r e l a t e d  
and t h e  radiance and v i s c o s i t y  are neglected. 

The gas p rope r t i e s  used i n  t h e  numerical so lu t ions  f o r  t h i s  r epor t  a r e  
t h e o r e t i c a l  estimates of real, equi l ibr ium proper t ies  f o r  ni t rogen and hydro- 
gen and are shown i n  f i g u r e s  2 and 3. ( I n  some of t h e  numerical ca lcu la t ions  
t h e  radiance of air w a s  used i n  place of t h e  radiance of nitrogen; so t h e  
radiance of air  i s  a l s o  shown i n  f i g s .  2 and 3.) 
f o r  each of t hese  gas p rope r t i e s  ( r e f s .  9-11). 

Table I l is ts  t h e  source 

Numerical Procedures 

The numerical procedure f o r  solving equations (1) and (2) i s  to s a t i s f y  
f i n i t e - d i f f e r e n c e  representa t ions  of t h e  equations by forward marching from 
assumed upstream and c o n s t r i c t o r  w a l l  boundary condi t ions.  The step-by-step 
procedure f o r  obtaining so lu t ions  to equation (2)  i s  presented below. Fig-  
ure  4 i l l u s t r a t e s  t h e  arrangement of t h e  f i n i t e - d i f f e r e n c e  network. 

1. Es tab l i sh  t h e  following i n i t i a l  and boundary condi t ions:  

(a) Enthalpy d i s t r i b u t i o n  at  s t a t i o n  1 

(b)  Velocity d i s t r i b u t i o n  at s t a t i o n  1 

( c )  Enthalpy of t h e  gas adjacent  to t h e  cons t r i c to r  w a l l ,  t h a t  i s ,  
t h e  enthalpy of t h e  gas a t  t h e  wall temperature 

(d )  The pressure at  s t a t i o n  1 

( e )  The t o t a l  cur ren t  through t h e  c o n s t r i c t o r  

2 .  Evaluate t h e  d i s t r i b u t i o n  of t h e  following gas p rope r t i e s  a t  sta- 
t i o n  1 from t h e  known values  of enthalpy and pressure:  

(a) Thermal conduct ivi ty  p o t e n t i a l  

(b)  E l e c t r i c a l  conduct ivi ty  

( c )  Radiance 

(d)  Viscosi ty  

( e )  Density 

5 



3 .  Evaluate t h e  e l e c t r i c a l  conductance at s t a t i o n  1 by in tegra t ing  t h e  
e l e c t r i c a l  conductivity over t h e  a rea  at s t a t i o n  1. Evaluate t h e  e l e c t r i c a l  
vol tage gradient  a t  s t a t i o n  1 from t h e  t o t a l  current  and e l e c t r i c a l  
conductance. 

4. Evaluate t h e  t o t a l  flow rate  by i n t e g r a t i n g  t h e  l o c a l  mass flow, pu, 
over t h e  area at s t a t i o n  1. 

5. Compute t h e  enthalpy at a l l  mesh poin ts  at s t a t i o n  2 from t h e  energy 
equation. 

6 .  E s t i m a t e  a t r i a l  pressure drop between s t a t i o n s  1 and 2; c a l c u l a t e  
t h e  ve loc i ty  a t  s t a t i o n  2 from t h e  momentum equat ion.  

7. Evaluate t h e  densi ty  for a l l  mesh poin ts  a t  s t a t i o n  2 from t h e  known 
values of enthalpy and pressure.  

8. Evaluate t h e  t o t a l  flow rate a t  s t a t i o n  2 by t h e  same method as 
described i n  s t e p  4. 

9. If t h e  t o t a l  flow r a t e  at  s t a t i o n  2 agrees with t h e  spec i f ied  flow 
r a t e  t o  within t h e  spec i f ied  accuracy, continue by repeat ing s teps  2 through 
9 f o r  each new s t a t i o n ;  otherwise, change t h e  t r i a l  pressure drop between 
s t a t i o n s  1 and 2 and repeat  s t eps  6, 7, and 8. (To increase t h e  flow rate a t  
s t a t i o n  2, t h e  t r i a l  pressure drop must be increased f o r  subsonic flow values 
and decreased f o r  supersonic flow values . )  

If a repeated change of t h e  t r i a l  pressure drop does not produce a 
ca lcu la ted  flow r a t e  s u f f i c i e n t l y  near t h e  s p e c i f i e d  flow r a t e ,  then e i t h e r  
t h e  ca lcu la t ions  have become unstable or t h e  flow has been aerodynamically 
choked i n  t h e  tube.  If t h e  flow has become choked, t h e  ca lcu la t ions  can be 
continued i n t o  t h e  supersonic region by causing t h e  diameter to increase and 
by reversing t h e  conditions on t h e  t r i a l  pressure a t  t h e  s t a t i o n  of choking; 
t h a t  i s ,  i f  t h e  flow r a t e  i s  too  l a rge  a t  t h e  s t a t i o n ,  then  t h e  t r i a l  pressure 
drop should be increased. 

The procedure f o r  solving equation (1) i s  similar except t h a t  t h e  r a d i a l  
convection term i s  present  i n  t h e  momentum and energy equations.  The r a d i a l  
mass f l u x  required f o r  t h e  radial convection terms i s  determined by means of 
a l o c a l  mass f l u x  balance i n  each volume element, s t a r t i n g  with the  center 
element; t h a t  i s ,  for t h e  center  volume element between s t a t i o n s  n and n + 1, 
t h e  r a d i a l  mass f l u x  i n t o  t h i s  volume i s  equal t o  t h e  a x i a l  mass flux out a t  
s t a t i o n  n + 1 minus t h e  a x i a l  mass f l u x  i n  a t  s t a t i o n  n. For computing 
convenience t h e  r a d i a l  momentum and energy f luxes  between s t a t i o n s  n and 
n + 1 a r e  added downstream between s t a t i o n s  n + 1 and n + 2. 

Fortran Programs 

The programs t h a t  solve equations (1) and (2)  a r e  wr i t ten  i n  Fortran I1 
and a r e  presented i n  appendixes B and C .  
descr ipt ions of t h e  required subroutines and d e f i n i t i o n s  of t h e  var iab les  used 
within t h e  programs. 

Included i n  the  appendixes a r e  

6 



The programs t h a t  c a l c u l a t e  t h e  gas p rope r t i e s  from known values of 
enthalpy and pressure are given i n  appendix D. 

The program t h a t  prepares t he  magnetic t a p e  requi red  f o r  t h e  program 
given i n  appendix D from a t a b l e  of gas p rope r t i e s  i s  given i n  appendix E.  

Display of Solut ions 

The above For t ran  programs solve for t h e  l o c a l  s ta te  p rope r t i e s  and 
v e l o c i t y  of t he  gas throughout t h e  cons t r i c t ed  arc. For t he  symmetric arc, 
t h e  d i s t r i b u t i o n  of t h e s e  l o c a l  p rope r t i e s  can e a s i l y  be v i sua l i zed  with a n  
oblique p ro jec t ion  as shown i n  f igu re  5. Figure 5(a) represents  a constant 
area c o n s t r i c t o r  whereas f i g u r e  5(b) r ep resen t s  a c o n s t r i c t o r  with a contoured 
i n l e t  s ec t ion .  The ho r i zon ta l  s c a l e  r ep resen t s  t h e  r a d i a l  d i s t ance  from t h e  
a x i s  of symmetry, t h e  oblique scale r ep resen t s  t h e  a x i a l  d i s t ance  within t h e  
c o n s t r i c t o r ,  and t h e  v e r t i c a l  scale r ep resen t s  t h e  magnitude of t h e  l o c a l  
property - i n  t h i s  i l l u s t r a t i o n ,  enthalpy. The l o c a l  values  of enthalpy, 
mass flow, energy flow, ve loc i ty ,  and momentum flow are i l l u s t r a t e d  with t h e s e  
oblique project ions i n  p a r t s  (a) through (e )  of f i g u r e s  6 through 34. 

A l l  arc-column c h a r a c t e r i s t i c s  of i n t e r e s t  can be ca l cu la t ed  from t h e  
l o c a l  p rope r t i e s  obtained from t h e  numerical solut ions.  Local p rope r t i e s  
t h a t  have been ca l cu la t ed  and p l o t t e d  as functions of a x i a l  dis tance are 
center - l i ne  enthalpy, average enthalpy (averaged over both space coordinates 
or  mass f l u x  coordinates) vol tage,  cons t r i c to r  w a l l  heat  t r a n s f e r  rate, and 
s t a t i c  pressme.  These are shown i n  p a r t s  ( f )  through ( k ) ,  respect ively,  of 
f i g u r e s  6 t o  34. The p red ic t ions  from t h e  a n a l y t i c a l  model of reference 1 
f o r  t h e  c o n s t r i c t e d  a r c  with neg l ig ib l e  r a d i a t i o n  lo s ses  are a l s o  shown i n  
p a r t s  ( f )  through ( j )  f o r  comparison. The program t h a t  p l o t s  t h e s e  graphs 
from t h e  r e s u l t s  of t h e  numerical program given i n  appendix B, i s  given i n  
appendix F. 

T h e  r e s u l t s  f o r  t h e  asymmetric a r c  cannot be shown completely by t h e  
oblique project ions used t o  display t h e  r e s u l t s  for t h e  symmetric a r c .  
Nevertheless, t h e  t a b u l a r  output of t h e  above programs can be v i sua l i zed  i f  
t h e  r e s u l t s  are arranged as shown i n  f igu re  35, wherein t h e  magnitudes of t h e  
enthalpy and t h e  mass f l u x  are shown as functions of r ad ius  and azimuthal 
p o s i t i o n  a t  each a x i a l  s t a t i o n .  

Although t h e  a r c  i s  not symmetric, t h e  hot s e c t i o n  of t h e  a r c  does not 
r o t a t e  with a x i a l  dis tance,  and t h e  values of t h e  gas p rope r t i e s  on a plane 
of constant azimuthal p o s i t i o n  t h a t  passes through t h e  hot spot i s  of i n t e r -  
e s t .  The values of t h e  gas p rope r t i e s  on t h i s  plane can be shown by t h e  
oblique p ro jec t ion  as i l l u s t r a t e d  i n  f igu re  36. 

Computational Accuracy 

Mesh s i z e . -  The ca l cu la t ions  f o r  t h e  symmetric arc were made with 13 
r a d i a l  mesh po in t s  between t h e  c o n s t r i c t o r  a x i s  and t h e  c o n s t r i c t o r  w a l l  and 
with s u f f i c i e n t  axial  s t a t i o n s  t o  y i e l d  a stable s o l u t i o n  (usual ly  between 



200 and 1000 s t a t i o n s ) .  A comparison w a s  made f o r  a case i n  which only t h e  
mesh s i z e  w a s  changed. 
t o  26 and t h e  number of axial  s t a t i o n s  w a s  changed from 263 to 847. 
f l u x  to t h e  c o n s t r i c t o r  w a l l ,  which i s  obtained from t h e  de r iva t ives  of t h e  
l o c a l  enthalpy p r o f i l e ,  changed t h e  most (near ly  10 percent)  whereas t h e  mass- 
averaged enthalpy which i s  obtained from t h e  i n t e g r a l  of t h e  l o c a l  enthalpy 
p ro f i l e ,  changed by l e s s  than 3 percent.  The heat  t r a n s f e r  rate i s  t h e  only 
property t h a t  i s  obtained from a der iva t ive ,  and most of t h e  a r c  p rope r t i e s  
changed less than 5 percent as a result of t h e  change i n  mesh s i z e .  

The number of r a d i a l  mesh poin ts  w a s  changed from 13 
The heat 

S t a b i l i t y .  - A r igorous s t a b i l i t y  c r i t e r i o n  f o r  t h e  f i n i t e  d i f f e rence  
so lu t ions  of t h e s e  nonlinear equations i s  not known. However, a s t a b i l i t y  
c r i t e r i o n  f o r  t h e  f i n i t e  d i f fe rence  s o l u t i o n  of l i n e a r  parabol ic  equations i s  
t h a t  

n z  ua < -  - 
Ar2 

where 

u gas ve loc i ty  

a thermal d i f f u s i v i t y  

Furthermore, whenever t h e  l o c a l  values  of exceeded t h i s  l i m i t  i n  t h e  
numerical ca l cu la t ions  of t h e  nonlinear equations,  i n s t a b i l i t i e s  were encoun- 
t e r ed .  Therefore,  t h e  above c r i t e r i o n  f o r  s t a b i l i t y  appears t o  apply l o c a l l y  
f o r  t h e  nonlinear equations,  and a s t e p  w a s  added t o  t h e  above numerical pro- 
cedure t o  keep t h e  l o c a l  value of 

&/b2 

&/Ar2 l e s s  t han  t h i s  l i m i t .  

I n s t a b i l i t i e s  were encountered i n  t h e  program f o r  t h e  numerical ca l cu la -  
t i o n s  f o r  equation (1) when t h e  pressures  were high. 
e l iminated by changing t h e  method of handling t h e  r a d i a l  convection. 
i n s t a b i l i t i e s  were encountered when t h e  momentum and energy t h a t  were con- 
vected r a d i a l l y  between s t a t i o n s  n and n + 1 were added a t  s t a t i o n  n + 2 as 
described under numerical procedures. Adding one-fourth of t h i s  r a d i a l l y  con- 
vected momentum and energy t o  each of t h e  s t a t i o n s  n + 2, n + 3, n + 4, and 
n + 5 el iminated t h e  i n s t a b i l i t y .  

These i n s t a b i l i t i e s  were 
The 

Computation t ime. - The programs presented he re in  are wr i t t en  i n  For t ran  
I1 and were executed by an IBM 7094. The computation t ime requi red  f o r  t h e  
ca l cu la t ion  of t h e  so lu t ions  is  approximately 2 minutes. The t ime f o r  each 
case shown i n  f igu res  i s  given i n  t a b l e  11. 

The computing time i s  propor t iona l  to t h e  dimensionless length  of t h e  
cons t r i c to r  and i s  approximately proport ional  to t h e  cube of t h e  number of 
r a d i a l  mesh points. 
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Discussion 

It w i l l  be shown i n  t h e  sec t ions  t h a t  fol low t h a t  t h e  numerical so lu t ions  
d isp lay  t h e  q u a l i t a t i v e  features of t h e  cons t r i c t ed  a r c  i n  s u f f i c i e n t  d e t a i l  
t o  ga in  an understanding of t h e  a r c  column and t o  eva lua te  t h e  var ious 
approximate analyses of t h e  cons t r i c t ed  a rc .  

The computation t imes f o r  t h e  programs f o r  t h e  f i r s t  s e t  of equations 
(approximately 2 min) a r e  s u f f i c i e n t l y  shor t  t ha t  it appears f e a s i b l e  t o  use 
t h e s e  programs d i r e c t l y  t o  obta in  design c r i t e r i a  f o r  plasma generators .  

Several  phys ica l  phenomena t h a t  were neglected i n  t h e s e  ca l cu la t ions  can 
be included without g r e a t l y  increasing t h e  complexity or ca lcu la t ion  t imes 
of t h e  program. For example, i f  t h e  operat ing condi t ions a r e  changed s o  t h a t  
t h e  magnetic pressure t e r m  w i l l  not be negl ig ib le ,  t h i s  t e r m  can e a s i l y  be 
included i n  t h e  ca l cu la t ions .  (The cur ren t  d i s t r i b u t i o n  i s  known and because 
of symmetry, t h e  magnetic f i e l d  i s  e a s i l y  ca lcu la ted . )  Also, t h e  e f f e c t s  of 
r a d i a t i o n  absorpt ion could be approximated i f  t h e  frequency of t h e  r a d i a t i o n  
were divided i n t o  i n t e r v a l s  and t h e  r a d i a t i o n  and absorp t ion  pa th  length  were 
spec i f i ed  f o r  each frequency i n t e r v a l .  The r a d i a t i o n  a t  a l l  frequencies f o r  
which t h e  path length  i s  much g rea t e r  than  t h e  c o n s t r i c t o r  rad ius  could be 
spec i f i ed  with one term and t h e  gas considered t o  be t ransparent  t o  t h i s  
r ad ia t ion ,  and t h e  r a d i a t i o n  a t  a l l  frequencies f o r  which t h e  path length  i s  
much l e s s  than t h e  radial mesh increment could be included as a s i n g l e  term 
s i m i l a r  t o  t h e  thermal conduction term. Since t h e  v a r i a t i o n  of r a d i a t i o n  
with a x i a l  d i s tance  i s  small compared t o  t h e  v a r i a t i o n  of r a d i a t i o n  with 
r a d i a l  d i s tance ,  t h e  r a d i a t i o n  absorbed a t  each axial s t a t i o n  can be calcu-  
l a t e d  approximately from t h e  temperature and dens i ty  p r o f i l e s  of t h e  previous 
axial  s t a t i o n .  
and t h e  convective t r a n s f e r  of energy and momentum could be approximated with 
t h e  P rand t l  mixing length  theory .  

For t h e  higher flow r a t e s ,  turbulence may become s i g n i f i c a n t  

The s t a r t i n g  condi t ions (i  .e . ,  t h e  enthalpy and ve loc i ty  at t h e  f irst  
a x i a l  s t a t i o n )  a r e  usua l ly  unknown and must be assumed. Figures 6 through 9 
compare so lu t ions  i n  which only t h e s e  assumed s t a r t i n g  condi t ions were 
changed. Here one can s e e  t h a t  t h e  e f f e c t  of t h e  s t a r t i n g  condi t ions on t h e  
so lu t ions  a t  very shor t  c h a r a c t e r i s t i c  lengths  ( i . e . ,  very s m a l l  
severe .  Nevertheless,  t h i s  e f f e c t  diminishes r ap id ly  downstream, and even a t  
moderately small c h a r a c t e r i s t i c  lengths  t h e  e f f e c t  of t h e  s t a r t i n g  condi t ions 
i s  s m a l l .  

z/zo) i s  

A procedure f o r  t h e  numerical s o l u t i o n  of ,equation (1) i s  given by 
Masser ( r e f .  8 ) .  
d i f f e r  i n  t h e i r  r e spec t ive  l o c a t i o n  of t h e  r a d i a l  mesh points ;  Masser's a r e  
f ixed  on s t reamlines  whereas i n  the  present  prqgramthey a r e  f i x e d  i n  space. 
Since t h e  dominant hea t - t r ans fe r  mechanisms ( i . e . ,  thermal conduction, r a d i a -  
t i o n ,  and ohmic heat ing)  are dependent upon space coordinates  r a t h e r  t h a n  
mass flux coordinates ,  t h e  accuracy with which t h e s e  terms can be ca l cu la t ed  
depends upon t h e  mesh d i s t ances  i n  space coordinates .  
f i g u r e s  i l l u s t r a t i n g  t h e  so lu t ions ,  it can be seen t h a t  t h e  mesh d is tances  i n  

Comparing Masser's work with t h e  present  procedure, t h e  two 

From p a r t  (b)  of t h e  



space would vary r a d i c a l l y  i f  t h e  mesh poin ts  
Masser ' s procedure, therefore ,  would probably 
t h e  same degree of accuracy. 

w e r e  f i xed  on s t reamlines .  
r e q u i r e  more mesh poin ts  f o r  

EVALUATION OF THE NUMERICAL SOLUTIONS 

The numerical so lu t ions  were compared with an exact a n a l y t i c a l  so lu t ion  
to determine whether t h e  numerical procedures y i e l d  t h e  proper so lu t ions  t o  
t h e  equations for t h e  t h e o r e t i c a l  models. Then t h e  numerical so lu t ions  were 
compared with experimental measurements t o  determine whether t h e  t h e o r e t i c a l  
model y i e l d s  t h e  co r rec t  a r c  column fea tu res .  

Comparison of t h e  Numerical Solu t ion  With an Exact Solut ion 

An exact a n a l y t i c a l  so lu t ion  f o r  a t h e o r e t i c a l  model of t h e  a r c  column 
with one s e t  of boundary condi t ions i s  given i n  re ference  1. The t h e o r e t i c a l  
model of re ference  1 i s  t h e  same as t h e  t h e o r e t i c a l  model used f o r  t h e  numer- 
i c a l  ca lcu la t ions  f o r  t h i s  paper except t h a t  t h e  model of re ference  1 contains  
add i t iona l  simplifying approximations. (The l i s t  of add i t iona l  simplifying 
approximations i s  given i n  a previous sec t ion  "Theoretical  Models for t h e  
Numerical Calculat ions . I f )  I n  order t o  compare t h e  numerical so lu t ions  with 
t h e  exact so lu t ion ,  t h e  add i t iona l  approximations of re ference  1 were incor -  
porated i n t o  t h e  model used f o r  t h e  numerical ca l cu la t ions  (e .g . , l inear ized  
gas proper t ies  were used f o r  t h e  numerical c a l c u l a t i o n s ) .  The number of 
r a d i a l  mesh poin ts  f o r  t h e  numerical ca l cu la t ion  w a s  13 and t h e  number of 
a x i a l  mesh poin ts  w a s  195. The d i f fe rence  between t h e  numerical so lu t ion  and 
t h e  exact so lu t ion  w a s  l e s s  than 1 percent (near ly  ind is t inguishable  on a 
graphica l  i l l u s t r a t i o n )  i nd ica t ing  t h a t  t h e  numerical procedures give t h e  
proper so lu t ion  t o  t h e  equations f o r  t h e  t h e o r e t i c a l  model. 

Comparison of t h e  Numerical Solut ions With Experimental Resul ts  

The numerical ca lcu la t ions  a r e  compared with t h e  experimental measure- 
ments of t h e  mass average enthalpy, vo l tage  gradien t ,  and w a l l  heat  transfer 
r a t e  i n  a 1.27 -cm-diameter constr ic ted-arc  plasma generator  ( f i g s .  10-14), 
and i n  a 0.635-cm-diameter cons t r ic ted-arc  plasma generator ( f i g s .  15-20). 
(Figs .  10-20 display 10 a r c  column fea tu res  even though t h e r e  are experimental 
measurements f o r  only t h r e e  of t hese  f ea tu res .  
t h e  numerical so lu t ions  are compared with experimental measurements a r e  shown 
i n  p a r t s  (h)  , (i) , and ( j )  of t hese  f igures . )  

heat l o s ses  from t h e  e l e c t r i c a l  power input .  The 1.27-em-diameter cons t r i c to r  
w a s  made i n  two modules and only t h e  average heat  transfer r a t e  t o  each module 
w a s  measured. Therefore,  t h e  mass average enthalpy could be determined only 
a t  t h e  end of each module. The e l e c t r i c a l  vo l tage  gradien t  w a s  not rneasured 
for a l l  runs.  

a p r i o r i ;  t h e  d i s t r i b u t i o n  of enthalpy and ve loc i ty  at  t h e  i n l e t  m u s t  be 
assumed. For t h e  1.3 -em-diameter cons t r i c to r ,  an  a r b i t r a r y  and f a i r l y  low 
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The t h r e e  f ea tu res  f o r  which 

The mass average enthalpy w a s  measured experimentally by subt rac t ing  t h e  

The s t a r t i n g  condi t ions fo r  t h e  numerical ca l cu la t ions  are not known 



value of enthalpy w a s  s e l e c t e d  a t  t h e  s ta r t .  When t h e  aver%ge enthalpy i n  
t h e  numerical ca l cu la t ions  became equal t o  t h e  average enthalpy of t h e  gas 
enter ing t h e  constant area c o n s t r i c t o r  of t h e  plasma generator,  t h e  a x i a l  
d i s t ance  of t h e  numerical ca l cu la t ions  w a s  made t o  coincide with t h e  start of 
t h e  cons t r i c to r  i n  t h e  plasma generator .  This  i s  shown graphical ly  i n  p a r t  
(h) of t he  f i g u r e s  wherein t h e  curve f o r  t h e  numerical ca l cu la t ions  i s  forced 
t o  pass through t h e  f irst  data point  represent ing t h e  average enthalpy of t h e  
gas enter ing t h e  constant area c o n s t r i c t o r  of t h e  plasma generator,  and t h e  
axial d i s t ance  i s  set  equal t o  zero a t  t h i s  po in t .  (A dashed l i n e  i n  p a r t s  
( f )  through ( j )  of t h e  f igu res  r ep resen t s  t h e  a n a l y t i c a l  theory of refer-  
ence 1. I n  f i g u r e s  10 through 14, t h e  average enthalpy of t h e  a n a l y t i c a l  
theory w a s  a l s o  made t o  match t h e  average enthalpy of t h e  gas enter ing t h e  
constant area c o n s t r i c t o r  i n  t h e  p l a s m  generator,  as shown i n  p a r t  ( h ) . )  

For t h e  comparison with t h e  experimental measurements within t h e  
0.635 -em-diameter plasma generator ( f i g s  . 15  -20) , t h e  numerical ca l cu la t ions  
were s t a r t e d  i n  t h e  s t agna t ion  region a shor t  d i s t ance  downstream from t h e  t i p  
of t h e  cathode. It has been shown t h a t  a change i n  t h e  s t a r t i n g  conditions 
s t rongly a f f e c t s  t h e  so lu t ions  only within a shor t  d i s t ance  downstream from 
t h e  s t a r t i n g  loca t ion .  (See discussion under "Development of t h e  Numerical 
Analysis.") Therefore, s i n c e  t h e  numerical so lu t ions  were s tar ted i n  t h e  
s tagnat ion chamber, t h e  so lu t ions  throughout t h e  narrow cons t r i c t ed  sec t ion  
were a f f e c t e d  very l i t t l e  by t h e  assumed s t a r t i n g  conditions;  SO it w a s  not 
necessary t o  match t h e  average enthalpies  a t  t h e  i n l e t  of t h e  constant area 
c o n s t r i c t o r  when t h e  numerical ca l cu la t ions  were s t a r t e d  i n  t h e  s tagnat ion 
chamber. 

The enthalpy a t  t h e  start  of t h e  narrow c o n s t r i c t e d  sec t ion  w a s  arbi t rar-  
i l y  assumed t o  be zero f o r  t h e  a n a l y t i c a l  model of reference 1 i n  f i g u r e s  15 
through 20. This  t h e o r e t i c a l  model app l i e s  only t o  t h e  constant area sec t ion ,  
and f o r  predict ions from t h i s  theory when t h e  i n l e t  enthalpy i s  unknown, an 
a r b i t r a r y  assumption of neg l ig ib l e  enthalpy a t  t h e  i n l e t  has usual ly  been 
employed. 

Values of gas radiance f o r  t h e  numerical ca l cu la t ions  shown i n  f i g u r e s  15  
through 20 were taken from re fe rence  12  r a t h e r  than reference 10 and are 
higher than t h e  values given i n  r e fe rence  10. However, t h e  r a d i a t i o n  t r a n s -  
port  f o r  these ca l cu la t ions  i s  s m a l l  compared t o  $he thermal conduction; con- 
sequently, t h e  so lu t ions  would be near ly  the same i f  values of gas radiance 
from reference 10 had been used. 

The numerical ca l cu la t ions  agree with t h e  experimental measurements 
within a f a c t o r  of 2 and i l l u s t r a t e  t h e  q u a l i t a t i v e  t r ends  of t h e  measure- 
ments. This  agreement i s  within t h e  agreement between t h e  t h e o r e t i c a l  and 
t h e  measured t r a n s p o r t  p rope r t i e s  a t  high temperatures. 

The deviat ion between t h e  numerical ca l cu la t ions  and t h e  experimental 
data f o r  t h e  0.635-cm c o n s t r i c t o r  i s  l a rge r  than f o r  t h e  1 . 2 7 - c m  c o n s t r i c t o r .  
I n  t h e  present numerical ca l cu la t ions  t h e  v a r i a t i o n  of t h e  gas p rope r t i e s  with 
pressure w a s  extrapolated below 1 atmosphere. The l a r g e  ex t r apo la t ion  t o  t h e  
l o w  pressures  for t h e  comparison with t h e  experimental r e s u l t s  i n  t h e  0.635-cm 
cons t r i c to r  may be t h e  cause of t h i s  l a r g e r  discrepancy between t h e  numerical 
so lu t ions  and t h e  experimental data f o r  t h e  0.635-cm c o n s t r i c t o r .  
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Arc-column c h a r a c t e r i s t i c s  were pred ic ted  within t h e  accuracy with which 
t h e  t ranspor t  p rope r t i e s  a r e  known. The accuracy with which t h e  t h e o r e t i c a l  
model used i n  t h e  numerical ca lcu la t ions  r ep resen t s  t h e  phys ica l  a r c  column 
cannot be determined from t h e  above comparisons because of t h e  uncer ta in t ies  
i n  t h e  t h e o r e t i c a l  t r anspor t  p roper t ies .  

STUDY OF ARC CHARACTERISTICS WITH THE NUMERICAL PROGRAM 

The q u a l i t a t i v e  p i c t u r e  of t h e  a r c  given by t h e  numerical ca lcu la t ions  
(e .g . ,  see  f i g .  10) shows t h a t  most of t h e  gas i s  forced  t o  t h e  cons t r i c to r  
w a l l  near t h e  cons t r i c to r  entrance; as t h e  gas proceeds downstream, it is  
slowly ingested i n t o  t h e  hot core of t h e  a r c  ( f i g .  1 0 ( b ) ) .  The h o t t e s t  region 
i s  near t h e  cons t r i c to r  entrance ( f i g .  l O ( a ) ) .  The energy f l u x  dens i t i e s  
( f i g .  1O(c))  .are highest  a t  t h e  cons t r i c to r  e x i t  r a t h e r  than  i n  t h e  hot region 
near t h e  entrance because near t h e  entrance,  most of t h e  gas flows c lose  t o  
t h e  cold wall  r a t h e r  than  through t h e  hot region.  The r a d i a l  ve loc i ty  pro- 
f i l e s  ( f i g .  1 0 ( d ) )  a r e  approximately parabol ic ,  similar t o  P o i s e u i l l e  flow. 
(The ve loc i ty  grad ien ts  are caused mainly by l a r g e  dens i ty  grad ien ts  r a the r  
than  by viscous fo rces  fo r  t h i s  case.  The e f f e c t s  of v i s c o s i t y  a r e  i l l u s -  
t r a t e d  l a t e r  i n  t h i s  s ec t ion . )  
i l l u s t r a t e s  t h a t  near t h e  cons t r i c to r  i n l e t ,  momentum i s  convected t o  t h e  
cons t r i c to r  w a l l s  causing t h e  "ears" on t h e  momentum f l u x  p r o f i l e s  near t h e  
cons t r i c to r  i n l e t .  Far ther  downstream, as t h e  gas i s  ingested i n t o  t h e  a r c  
core,  t h e  momentum i s  convected r a d i a l l y  inward, causing high momentum flux 
i n  t h e  center  of t h e  a rc .  
va r i a t ions  i n  gas v i s c o s i t y  s ince  they disappear when t h e  v i scos i ty  i s  s e t  
equal t o  zero.) 

The d i s t r i b u t i o n  of momentum f l u x  ( f i g .  lO(e ) )  

(The ea r s  downstream appear t o  b e  caused by l a rge  

A comparison of t h e  a n a l y t i c a l  model of re ference  1 with t h e  numerical 
so lu t ions  ind ica t e s  t h a t  many of t h e  important q u a l i t a t i v e  t rends  t o  t h e  con- 
s t r i c t e d  a r c  a r e  pred ic ted  by t h e  a n a l y t i c a l  model of re ference  1 whenever 
t h e  conduction heat l o s ses  are dominant. 
i l l u s t r a t e  t h a t  t h e  a n a l y t i c a l  theory gives  a f a i r  es t imate  of t h e  enthalpy 
a t  t h e  cons t r i c to r  e x i t  ( i .e. ,  a t  
i l l u s t r a t e  t h a t  t h e  theory gives  t h e  approximate values  f o r  t h e  vol tage  g ra -  
d ien t  and w a l l  heat  t r a n s f e r  r a t e  throughout t h e  c o n s t r i c t o r .  

For example, f i gu res  l l ( f )  -(h) 

z/zo = 0.1) and f i g u r e s  ll(i) and ( j )  

For pressures  over 1 atm within t h e  1.27-em-diameter cons t r i c to r  or f o r  
l a rge r  cons t r i c to r s  at atmospheric pressure,  t h e  r a d i a t i o n  lo s ses  a r e  dominant 
and t h e  more complete numerical ca lcu la t ions  a r e  requi red  fo r  reasonable pre-  
d i c t ions  of t h e  cons t r i c t ed  a r c  behavior. Figures 10(h)  and lO(j) i l l u s t r a t e  
t h a t  t h e  theory of re ference  1 pred ic t s  a higher mass average enthalpy and 
lower wall  heat t r a n s f e r  r a t e  than obtained from experimental measurements or 
from t h e  numerical ca lcu la t ions  for  a case wherein r a d i a t i o n  lo s ses  a r e  l a rge  
compared t o  conduction lo s ses .  

The e f f e c t s  of var ious approximations i n  t h e  t h e o r e t i c a l  model a r e  
i l l u s t r a t e d  i n  appendix A. 
and a comparison of t h e  numerical so lu t ions  with seve ra l  other  t h e o r e t i c a l  
models t h a t  contain d i f f e ren t  approximations a r e  given i n  reference 7 .  

A more complete discussion of these  approximations 
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The following add i t iona l  a r c  c h a r a c t e r i s t i c s  were inves t iga ted  with t h e  
numerical program: 

1. The e f f ec t  of asymmetries a t  t h e  i n l e t  of t h e  cons t r i c to r .  

2. The e f f e c t  of r a d i a t i o n  heat  l o s ses  on t h e  c h a r a c t e r i s t i c s  of t h e  
cons t r i c t ed  thermal a r c .  

3. 

4. The e f f e c t  of r a d i a l  convection within t h e  cons t r ic ted-arc  column, 

The importance of viscous forces  on t h e  cons t r i c t ed  thermal a r c .  

including e f f ec t s  of t ranspirat ion-cooled cons t r i c to r s .  

5. Behavior of t h e  cons t r i c t ed  a r c  a t  l a rge  dimensionless length.  

Since t h e  reader  may wish t o  make many comparisons 
The numerical so lu t ions  obtained for t hese  s tud ie s  are i l l u s t r a t e d  i n  f i g -  
ures 21  through 36. 
between t h e  so lu t ions  i n  addi t ion  t o  those  s p e c i f i c a l l y  mentioned herein,  t h e  
so lu t ions  a r e  presented completely and uniformly r a the r  than  f o r  s p e c i f i c  
comparisons only. The so lu t ion  of t h e  s impl i f ied  model i n  re ference  1 i s  
a l s o  included i n  p a r t s  ( f )  through ( j )  of t hese  f igu res .  

Resul t s  of t hese  s tud ie s  a r e  as follows: 

1. Any asymmetry tha t  may be imposed on t h e  a rc  a t  t h e  cons t r i c to r  
i n l e t  decays t o  a negl ig ib le  value within a cons t r i c to r  length equal t o  one- 
t e n t h  t h e  c h a r a c t e r i s t i c  length,  zo, as shown i n  f i g u r e  36. 

2 .  The major e f f e c t  of l a r g e  r a d i a t i o n  lo s ses  i s  t o  lower and f l a t t e n  
t h e  enthalpy d i s t r i b u t i o n  ( c f .  f i gu res  21-23 t h a t  a r e  cases  with negl igible ,  
moderate, and l a r g e  r a t i o s  of r a d i a t i o n  lo s ses  t o  conduction l o s s e s ) .  

Note t h a t  t h e  r a d i a t i o n  does not appear t o  change t h e  c h a r a c t e r i s t i c  
length g rea t ly  f o r  t h e  a r c  t o  approach a n  asymptotic s t a t e  wherein t h e  mass 
average enthalpy does not change with a x i a l  dis tance.  The theory of r e f e r -  
ence 1 pred ic t s  t h a t  t h e  mass average enthalpy w i l l  approach 80 percent of 
t h e  asymptotic value a t  
t h a t  t h e  same may be t r u e  f o r  a r c s  with high r ad ia t ion .  T h i s  r e s u l t  i l l u s -  
t r a t e s  t h a t  t h e  spreading of t h e  a r c  t o  t h e  cons t r i c to r  w a l l  i s  due t o  thermal 
conduction; therefore ,  t h e  t h e o r e t i c a l  c h a r a c t e r i s t i c  length given i n  r e f e r -  
ence 2 t h a t  has been modified t o  r e f l e c t  a l a rge  dependence on r a d i a t i o n  
lo s ses  (modified length = zo t imes f r a c t i o n  of heat l o s ses  due t o  thermal 
conduction) may underestimate t h e  c h a r a c t e r i s t i c  length considerably.  From 
t h i s  modified c h a r a c t e r i s t i c  length  one would have predic ted  t h a t  t h e  mass 
average enthalpy would have approached 80 percent of t h e  f i n a l  value a t  
less than  0.03 f o r  t h e  case shown i n  f i g u r e  23. 

z/zo = 0.1. The so lu t ion  i n  f i gu re  23 ind ica tes  

Z/zo 

3. The viscous fo rces  a r e  negl ig ib le  compared t o  i n e r t i a  forces  i n  
plasma generators  of t h e  s i z e  and with t h e  gas flows normally used i n  wind 
tunnels  ( cons t r i c to r  diameters over 1 cm and mass flows over 1/2 g / s ) .  
comparison of f igures  24 and 25 shows t h a t  neglecting t h e  viscous forces  i n  
t h e  numerical ca l cu la t ions  does not change t h e  so lu t ion  appreciably.  Further-  
more, when t h e  viscous forces  a r e  negl ig ib le ,  t h e  pressure drop through an  
aerodynamically choked c o n s t r i c t o r  i s  approximately ha l f  t h e  i n l e t  pressure.  

A 

13 



I I I I1 IIIIIIIIIII Ill1 I1 I1 I I I1 

For smaller diameter cons t r i c to r s  at lower f l o w  r a t e s ,  viscous fo rces  
t end  t o  f l a t t e n  t h e  v e l o c i t y  p r o f i l e s .  
e f f e c t  of v i s c o s i t y  i n  a 0.635-cm-diameter c o n s t r i c t o r  with a mass flow of 
only 0.22( g/s . 

Figures 26 and 27 i l l u s t r a t e  t h e  

4. The r a d i a l  heat  conduction i s  l a r g e  compared t o  r a d i a l  heat  convec- 
t i o n  within cons t r i c t ed  a r c s  longer than  0 . 1 ~ ~  ( c f .  f i g s .  28 and 29 t h a t  
show t h e  numerical ca l cu la t ions  with and without t h e  r a d i a l  heat convection).  
The so lu t ions  of t h e  cons t r i c t ed  a r c s  with p a r t  of t h e  gas t r a n s p i r e d  through 
t h e  c o n s t r i c t o r  wall do not d i f f e r  appreciably from t h e  so lu t ions  f o r  t h e  a r c s  
where a l l  of t h e  gas en te r s  a t  t h e  c o n s t r i c t o r  i n l e t  (provided t h e  t o t a l  gas 
flow r a t e  i s  t h e  same f o r  both cases ) ,  even at flow rates s u f f i c i e n t l y  l a r g e  
t h a t  r a d i a l  convection i s  appreciable .  And-erson ( ref .  13) showed t h a t  r a d i a l  
convection can be made equal t o  r a d i a l  conduction f o r  gas flow r a t e s  g rea t e r  
t han  20rrk/cp t imes t h e  c o n s t r i c t o r  length  (or equiva len t ly ,  with flow r a t e s  
such t h a t  t h e  c o n s t r i c t o r  length  i s  less than  0 . 0 5 ~ ~ ) .  Figures 30 through 33 
show t h a t  t h e  enthalpy and energy f l u x  a t  t h e  c o n s t r i c t o r  e x i t  a r e  near ly  t h e  
same i n  hydrogen or nit rogen a r c s  whether t h e  gas i s  t r a n s p i r e d  through t h e  
walls or put i n  at t h e  cons t r i c to r  i n l e t .  When a l l  t h e  gas en te r s  a t  t h e  con- 
s t r i c t o r  i n l e t ,  it r a p i d l y  spreads t o  t h e  wall and then  gradual ly  r e tu rns  
toward t h e  axis with a r a d i a l  flow similar t o  t h e  r a d i a l  f low within t h e  
t r a n s p i r a t i o n  cooled c o n s t r i c t o r .  

5. The enthalpy, mass flow,and energy f l u x  d i s t r i b u t i o n s  approach 
asymptotic values  a t  l a r g e  dimensionless lengths ,  but t h e  v e l o c i t y  and momen- 
tum d i s t r i b u t i o n s  cont inua l ly  increase  i n  magnitude with length  as shown i n  
f i g u r e  34. 

PREDICT IONS OF CONSTRICTED-ARC PLASMA GENEBATOR PERFORMANCE 

The numerical ca l cu la t ions  ind ica t e  t h a t  t h e  cons t r i c t ed  a r c  may be used 
t o  produce gas flows with high energy f l u x  dens i ty ,  with high enthalpy, and 
with high ve loc i ty .  Figure 37 i l l u s t r a t e s  t h a t  an energy f l u x  dens i ty  of 
2600 kW/cm2 may be obtained with hydrogen with a 0.635-cm-diameter cons t r i c to r  
t h a t  experiences a maximum w a l l  heat t r a n s f e r  r a t e  of only 2.4 kW/cm2, and 
f i g u r e  38 i l l u s t r a t e s  t h a t  an energy flux dens i ty  of 1400 kW/cm2 may be 
obtained with ni t rogen i n  a 0.635-em-diameter c o n s t r i c t o r  t h a t  experiences a 
maximum w a l l  heat  t r a n s f e r  r a t e  of 8 kW/cm2. Figure 39 i l l u s t r a t e s  t h a t  with 
nitrogen, en tha lp ies  over %lo8 J/kg and v e l o c i t i e s  i n  excess of 9000 m / s  may 
be obtainable  at t h e  c o n s t r i c t o r  e x i t .  
approximately sonic .  A simple est imate  of t h e  e x i t  ve loc i ty  can be made from 
t h e  enthalpy by noting t h a t  for ni t rogen  t h e  sonic  ve loc i ty  i s  approximately 
equal t o  (0.14 t imes for entha lp ies  over %lo7 J/kg as shown i n  
f i g .  40.) The ve loc i ty  a t  t h e  e x i t  of t h e  divergent s ec t ion  of a plasma gen- 
e ra to r  such as shown i n  f igu re  1 should be more than twice as high as t h e  
ve loc i ty  a t  t h e  c o n s t r i c t o r  e x i t .  Even i f  t h e  gas were frozen and monatomic, 
t h e  ve loc i ty  a t  t h e  nozzle e x i t  would be near ly  twice t h e  ve loc i ty  a t  t h e  
th roa t ;  and i f  t h e  gas were not f rozen or not monatomic, t h e  v e l o c i t y  would 
be g r e a t e r .  
at t h e  nozzle exi t .  
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(Note t h a t  t h e  ve loc i ty  a t  t h e  e x i t  i s  

Therefore,  v e l o c i t i e s  i n  excess of 18,000 m/s  may be obtainable  



The energy f l u x  densi ty ,  enthalpy, and ve loc i ty  given above cannot be 
obtained simultaneously; t h e  condi t ions were chosen t o  optimize e i t h e r  t h e  
energy f l u x  densi ty  or  t h e  enthalpy and ve loc i ty .  (The methods t o  optimize 
t h e  cons t r i c to r  design t o  obta in  t h e  spec i f i c  a r c  f ea tu res  are discussed i n  
t h e  next sec t ion . )  Theore t ica l  es t imates  of a more complete l i s t  of plasma 
proper t ies  t h a t  may be obtained simultaneously with a constr ic ted-arc  plasma 
generator  similar t o  t h e  one shown i n  f i g u r e  1 a r e  given i n  t a b l e  I11 for  a 
s i n g l e  set of operating conditions.  The t h e o r e t i c a l  es t imates  w e r e  based on 
a numerical so lu t ion  for t h e  cons t r i c t ed  a r c  i n  t h e  constant a r ea  port ion of 
t h e  cons t r ic tor ;  t h i s  numerical so lu t ion  i s  shown i n  f i g u r e  41. 

This t a b l e  i l l u s t r a t e s  t h a t  t h e  cons t r i c t ed  a r c  should be capable of 
producing plasmas t h a t  i n t e r a c t  appreciably with magnetic f i e l d s  as required 
f o r  experiments i n  magnetoplasmadynamics. 

Some i n t e r e s t i n g  arc-column proper t ies  f o r  a v a r i e t y  of operating 
conditions a r e  shown i n  t a b l e  11. 

DESIGN OFTIMIZATION OF CONSTRICTED-ARC PLASMA GENERATORS 

There i s  no cons t r i c to r  s i z e  t h a t  i s  simultaneously optimum f o r  a l l  of 
t h e  des i r ab le  performance c h a r a c t e r i s t i c s  of t h e  cons t r ic ted-arc  plasma gen- 
e r a t o r s ,  but t h e  cons t r i c to r  s i z e ,  operat ing pressure,  and cur ren t  can be 
chosen t o  optimize any s i n g l e  performance cha rac t e r i s t i c s .  

The f ea tu res  most o f t en  des i red  f o r  t hese  plasma generators  a re :  

(a) High enthalpy 

(b)  High ve loc i ty  

( e )  Broad uniform plasma stream f o r  t e s t i n g  

(d) High energy f l u x  dens i ty  

( e )  High e l ec t ron  densi ty  

( f )  High ef f ic iency  

The l imi t a t ions  f o r  obtaining t h e  above fea tures  a r e  t h e  current  t h a t  can be 
ca r r i ed  by t h e  electrodes,  t h e  heat  t r a n s f e r  r a t e  t h a t  can be accommodated by 
t h e  cons t r i c to r  w a l l s ,  and t h e  vol tage  gradient  t h a t  can be supported by t h e  
cons t r i c to r  i n su la t ion .  

Any s i n g l e  c h a r a c t e r i s t i c  above can be improved, and simultaneously some 
of t h e  other  performance c h a r a c t e r i s t i c s  reduced, i f  t h e  cons t r i c to r  s i z e ,  
t h e  operating pressure,  and t h e  cur ren t  are modified as follows: 

(a) High enthalpy 



Maximum enthalpy can be achieved by operat ing with t h e  maximum current  
t h a t  t h e  e lec t rodes  can car ry  a t  a pressure  s u f f i c i e n t l y  low t h a t  t h e  r ad ia -  
t i o n  lo s ses  are neg l ig ib l e .  The cons t r i c to r  diameter should be j u s t  small 
enough t h a t  t h e  heat  t r a n s f e r  rate t o  t h e  cons t r i c to r  w a l l  i s  t h e  maximum t h a t  
t h e  w a l l  can accommodate. ( I n  t h e  conduction dominant regime, t h e  enthalpy i s  
approximately propor t iona l  t o  
maximum l o c a l  enthalpy occurs on t h e  center  l i n e  near t h e  cathode, so f o r  
maximum enthalpy, t h e  cons t r i c to r  length  should be sho r t .  

I/R, as shown i n  ref.  1.) Furthermore, t h e  

(b)  High v e l o c i t y  

The highest  v e l o c i t i e s  a t  t h e  cons t r i c to r  e x i t  can be obtained with 
aerodynamically choked c o n s t r i c t o r s  t h a t  produce t h e  highest  enthalpies;  so 
t h e  optimization given above f o r  high e.nthalpy a l s o  app l i e s  t o  high ve loc i ty .  

( c )  Broad, uniform plasma stream f o r  t e s t i n g  

The uniform por t ion  of t h e  t e s t  stream can be increased by increasing 
t h e  pressure u n t i l  t h e  r a d i a t i o n  lo s ses  f l a t t e n  t h e  p r o f i l e  ( c f .  f i g s .  41(a) 
and 42(a) )  and by lengthening t h e  cons t r i c to r  u n t i l  t h e  enthalpy p r o f i l e  
becomes asymptotic. The diameter of t h e  cons t r i c to r  should be j u s t  l a rge  
enough t h a t  t h e  heat  t r a n s f e r  rate t o  t h e  w a l l  i s  t h e  maximum t h a t  t h e  con- 
s t r i c t o r  wal l  can accommodate. ( I n  t h e  regime wherein r a d i a t i o n  lo s ses  a r e  
dominant t h e  w a l l  heat  t r a n s f e r  r a t e  increases  with increasing diameter. ) 
The current  should be s u f f i c i e n t l y  g rea t  t o  hea t  t h e  gas t o  a temperature t h a t  
w i l l  produce high r ad ia t ion ;  t h a t  i s ,  t o  approximately 15,000° K ( see  
f i g s .  2(q) and 2(w)) .  
a r c  t o  a temperature s u f f i c i e n t l y  high t h a t  t h e  r a d i a t i o n  lo s ses  decrease 
with increasing temperature, and, desp i t e  high pressures ,  causes peaking i n  
t h e  enthalpy p r o f i l e  as shown i n  f i g u r e  43. 

Too high a current  hea ts  t h e  gas i n  t h e  center  of t h e  

(a) High energy f l u x  densi ty  

The energy f l u x  densi ty  can be increased by decreasing t h e  cons t r i c to r  
diameter, increas ing  t h e  cons t r i c to r  length  u n t i l  an asymptotic p r o f i l e  i s  
obtained, and increas ing  t h e  pressure.  The cur ren t  should be j u s t  high 
enough t h a t  t h e  heat  t r a n s f e r  r a t e  t o  t h e  cons t r i c to r  w a l l  i s  t h e  maximum t h a t  
t h e  w a l l  can accommodate. Higher energy f luxes  can be obtained with t h e  
l i g h t e r  gases because they r a d i a t e  t h e  l e a s t .  
i n  f i g s .  37 and 38 wherein t h e  energy f l u x  densi ty  with hydrogen i s  approxi- 
mately twice t h a t  with ni t rogen,  even though t h e  heat  t r a n s f e r  r a t e  t o  t h e  
cons t r i c to r  wall  fo r  t h e  ni t rogen i s  g rea t e r  than  t h a t  with t h e  hydrogen.) 

(Compare t h e  two cases shown 

( e )  High e l ec t ron  d e n s i t i e s  

The number densi ty  of e lec t rons  can be increased by decreasing t h e  
diameter and increasing t h e  length u n t i l  t h e  p r o f i l e  becomes asymptotic. The 
current  should be j u s t  high enough t h a t  t h e  enthalpy of t h e  gas i s  t h a t  f o r  
which t h e  maximum e lec t ron  densi ty  occurs a t  constant pressure,  and t h e  pres -  
sure  should be just high enough t h a t  t h e  w a l l  heat t r a n s f e r  r a t e  i s  t h e  
maximum t h a t  t h e  w a l l  can accommodate. 
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( f )  Eff ic iency 

The ef f ic iency  can be increased by operating at low pressure with sho r t  
cons t r i c to r s .  A t  l o w  pressure,  t h e  e f f ic iency  i s  not s t rongly  influenced by 
e i t h e r  t h e  c o n s t r i c t o r  diameter or by t h e  cur ren t .  If high pressure operation 
i s  mandatory, then  f o r  some cases,  contrary t o  a l l  of t h e  s impl i f ied  theo r i e s ,  
t h e  e f f i c i ency  may be improved while maintaining t h e  same mass average 
enthalpy a t  t h e  exit by lengthening t h e  c o n s t r i c t o r  and reducing t h e  cur ren t .  
(Compare f i g s .  42 and 44 t h a t  i l l u s t r a t e  t h a t  t h e  e f f ic iency  was increased 
from 35 t o  37 percent by increasing t h e  length  and decreasing t h e  cur ren t  
while maintaining t h e  same mass average enthalpy a t  t h e  exit.) 

CONCLUSIONS 

The equations t h a t  govern t h e  energy and mass t r anspor t  i n  t h e  con- 
s t r i c t e d  a r c  have been solved numerically. The numerical program uses r e a l  
equi l ibr ium gas p rope r t i e s  and solves  simultaneously t h e  energy, momentum, 
and cont inui ty  equations.  Axial  conduction, r a d i a l  pressure grad ien ts ,  and 
r a d i a l  vo l tage  gradien ts  a r e  neglected.  From given i n i t i a l  and boundary con- 
d i t i ons  t h e  numerical program solves  f o r  t h e  l o c a l  s t a t e  proper t ies  and 
ve loc i ty  of t he  gas within t h e  cons t r i c t ed  thermal a r c .  From these  p rope r t i e s  
a l l  other c h a r a c t e r i s t i c s  of i n t e r e s t  ( i .e. ,  vo l tage  gradien t  and wal l  heat  
t r a n s f e r  rates) can be obtained. These so lu t ions  give s u f f i c i e n t  d e t a i l  t o  
evaluate  other  approximate so lu t ions ,  and t h e  computing time (approximately 
2 min) i s  s u f f i c i e n t l y  shor t  t h a t  t h e  programs may be used d i r e c t l y  t o  obta in  
design c r i t e r i a  f o r  plasma generators .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F i e ld ,  C a l i f . ,  94035, Oct. 13, 1966 
129 -01-02 -01 -00 -21 
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APPENDIX A 

NUMERICAL SOLUTIONS FOR EVALUATING APPROXIMATIONS O F  THE 

SIMPLIFIED THEORETICAL MODELS O F  THE CONSTRICTED ARC 
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Figure A1.- The complete numerical so lu t ion  without t h e  simplifying approximations. 
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Figure A2 .  - Numerical so lu t ion  with the  approximation t h a t  mass flux density i s  constant. 
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APPENDIX B 

FORTRAN PROGRAM FOR THE SOLUTION OF THE AXISYMNETRIC CONSTRICTED ARC 

WITH AN AXIAL FLOW OF GAS 

This  appendix contains  t h e  Fortran I1 programs f o r  t h e  numerical so lu t ion  
of t h e  axisymmetric c o n s t r i c t e d  a r c  with an  a x i a l  flow of gas. The data  
required f o r  input i n t o  t h e s e  programs and a legend f o r  t h e  Fortran va r i ab le s  
i s  a l s o  included. 

The funct ion of each subroutine i s  described below. 

BOUNDC 

STATEP 

WDOT 

ITER 

ITERS 

MOM 

ENERGY 

OUTFT 

provides f o r  t h e  s p e c i f i c a t i o n  of t h e  boundary conditions f o r  t h e  
main program 

evaluates t h e  s ta te  p rope r t i e s  (except dens i ty )  f o r  a l l  of t h e  
mesh po in t s  a t  each a x i a l  s t a t i o n  

evaluates t h e  densi ty  f o r  a l l  of t h e  mesh po in t s  a t  each a x i a l  
s t a t i o n  and c a l c u l a t e s  t h e  mass flow rate by i n t e g r a t i o n  of t h e  
mass f lux over t h e  cons t r i c to r  c ross  - sec t iona l  area 

provides t h e  i t e r a t i o n  of pressure t o  ob ta in  t h e  co r rec t  mass flow 
i n  t h e  subsonic port ion of t h e  nozzle 

provides t h e  i t e r a t i o n  of pressure t o  ob ta in  t h e  co r rec t  m a s s  flow 
i n  t h e  supersonic po r t ion  of t h e  nozzle 

ca l cu la t e s  t h e  v e l o c i t y  f o r  a l l  mesh po in t s  a t  t h e  next a x i a l  
s t a t i o n  from t h e  momentum equation 

c a l c u l a t e s  t h e  enthalpy f o r  a l l  mesh points  a t  t h e  next a x i a l  
s t a t i o n  from t h e  energy equation 

p r i n t s  and writes on magnetic t ape  t h e  r e s u l t s  of t h e  main program 
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I 

DP 

DRDR 

DR 

DW 

40 

I 1111ll1ll111I 11111111l I II I1 I 

INPUT DATA REQUIRED 

Card number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15  
16 

17 through 17 -k N 

Data or Fortran. -- v a r i a b l e  - 
ilFILE 
NTAPE 
KMAX 
KINC 
AMPS 
ws 
TRCL 
p(1) 
D W (  1) 

HWALL( 1) 
THETA 

NMESH 
FZO 
Ex 
Exx 
EPS 
R ( 1 )  t-hough H(NMESH) 

18 + N through 18 + 2N U ( 1 )  through U(NMESH) 

Format 
14 
1 4  
14 
14 
~ 1 0 . 3  
~ 1 0 . 3  
~10.3 
~ 1 0 . 3  
~ 1 0 . 3  
~ 1 0 . 3  
~ 1 0 . 3  

~ 1 0 . 3  
~ 1 0 . 3  
~ 1 0  .3 
~ 1 0 . 3  
5~10.3 

14 

5E10.3 

where 
N = MOD[(NMESH - 1)/51 

These For t ran  va r i ab le s  a r e  descr ibed i n  t h e  following legend under t h e  
va r i ab le s  common t o  a l l  of t h e  programs o r  under t h e  variables fo r  program 
number H!TO7O2. 

VARIABLES USED I N  THE PROGRAMS FOR THE NUMERICAL SOLUTIONS OF THE 
SYMMITPRIC CONSTRICTED THERMAL ARC WITH AN AXIAL FLOW OF GAS 

Variables Common t o  All Programs 

Variable Name Descript ion 

AMPS t o t a l  cur ren t  c a r r i e d  by t h e  cons t r i c to r ,  A 

DIAM diameter of t h e  c o n s t r i c t o r  (an a r r a y ) ,  m 

DIA diameter of t h e  c o n s t r i c t o r ,  m 

pressure drop between a x i a l  s t a t i o n s ,  N/m2 

square of t h e  incremental  radial dis tance,  DR, m2 

incremental  r a d i a l  d i s tance ,  m 

discrepancy between t h e  mass flow r a t e  at t h i s  a x i a l  
s t a t i o n  and t h e  i n i t i a l  mass flow r a t e ,  kg/s 



Variable name 
DZ 

E 

Ex 

m 

FZO 

HAVE 

HRAVE 

H 

WALL 

KINC 

KMCUC 

K 

LOC 

L 

M 

NCHOKE 

NERR 

NFIU 

NK 

Descript ion 

incremental  axial dis tance,  m 

maximum allowable relative discrepancy of t h e  mass flow 
rate 

axial vol tage  gradient ,  V/m 

f a c t o r  by which t h e  axial incremental  d i s tance  i s  increased 
f o r  t h e  next axial s t a t i o n  

s t a b i l i t y  f a c t o r  t h a t  limits maximum s i z e  of DZ i n  order 
t o  maintain s t a b i l i t y  

length  of t h e  f irst  axial increment divided by t h e  
c h a r a c t e r i s t i c  a r c  length,  zo 

1 space average of t h e  enthalpy , JAh a, J/kg 

1 average energy densi ty ,  AI JAph dA, J/m3 

l o c a l  enthalpy, J/kg 

enthalpy of t h e  gas a t  t h e  c o n s t r i c t o r  wall, J/kg 

number of a x i a l  s t a t i o n s  between p r in tou t  of r e s u l t s  

maximum number of a x i a l  s t a t i o n s  to be calculated 

a x i a l  s t a t i o n  number 

number of i t e r a t i o n s  requi red  t o  s a t i s f y  t h e  cont inui ty  
equation ( i . e . ,  t h e  number of i t e r a t i o n s  requi red  such 
t h a t  t h e  flow r a t e  a t  t h i s  a x i a l  s t a t i o n  i s  s u f f i c i e n t l y  
near t h e  i n i t i a l  flow r a t e )  

r e l a t i v e  a x i a l  s t a t i o n  number 

second r e l a t i v e  a x i a l  s t a t i o n  number 

f l a g  ind ica t ing  t h a t  t h e  flow i s  choked 

e r r o r  f l a g  f o r  t h e  gas property subroutines 

f i l e  number on t h e  magnetic t a p e  used t o  s t o r e  t h e  
so lu t ions  

extra va r i ab le  not used 
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Variable name 

NMESH 

NNN 

WAPE 

P H I  

PHIW 

P 

m 

Q 

RCAP 

RHOAV 

RHO 

RHOU 

RROU 

R 

RUH 

SIGMA 

THETA 

TRCL 

U 

VISC 

W 

42 

number of r a d i a l  increments from t h e  center  l i n e  to t h e  
c o n s t r i c t o r  wall 

flag i nd ica t ing  t h i s  i s  t h e  first i t e r a t i o n  on pressure 
drop (zero  ind ica t e s  f i rs t  i t e r a t i o n ,  1 indica tes  a l l  
i t e r a t i o n s  t h e r e a f t e r )  

magnetic t a p e  on which t h e  s o l u t i o n  i s  s tored  

l o c a l  thermal conduct ivi ty  p o t e n t i a l ,  W/m 

thermal conduct ivi ty  p o t e n t i a l  of t h e  gas a t  t h e  cons t r i c -  
tor w a l l ,  w/m 

s t a t i c  pressure at t h i s  a x i a l  s t a t i o n ,  N/m2 

heat  t r a n s f e r  r a t e  t o  t h e  c o n s t r i c t o r  w a l l  t h a t  i s  due t o  
r ad ia t ion ,  W/$ 

heat  t r a m f e r  r a t e  t o  t h e  c o n s t r i c t o r  w a l l  t h a t  i s  due t o  
thermal conduction, W/m2 

l o c a l  r ad ia t ion ,  W/m3 

space average densi ty ,  kg/m3 

l o c a l  dens i ty ,  kg/m3 

l o c a l  product of densi ty  and v e l o c i t y  a t  t h i s  s t a t i o n ,  
kg/sm2 

l o c a l  product of densi ty  times v e l o c i t y  at t h e  previous 
a x i  a1 stat ion,  kg / s  m2 

l o c a l  r ad ius ,  m 

t o t a l  energy flux at  t h i s  a x i a l  s t a t i o n ,  W/n? 

l o c a l  e l e c t r i c a l  conduct ivi ty ,  1 / R - m  

ha l f -angle  of divergence of t h e  supersonic nozzle, deg 

mass flux dens i ty  of c o n s t r i c t o r  t r a n s p i r a t i o n  cooling, 
k g / s m 2  

l o c a l  ve loc i ty ,  m/s  

l o c a l  v i s c o s i t y ,  Ns/m2 

mass flow r a t e  at t h e  i n i t i a l  axial s t a t i o n ,  kg/s 



Variable - - .~ name _ _  Descript ion . 

ww mass flow rate at t h i s  axial s t a t i o n ,  kg/s 

Z 

DZMAX 

FNMESH 

KC 

KT 

NMESHP 

NN 

NSS 

PRAD 

PRES 

GT 

RUHA 

THETAR 

zc 

CWF 

RHOA 

a x i a l  d i s tance  of t h i s  a x i a l  s t a t i o n  from t h e  i n i t i a l  
axial s t a t i o n ,  m 

Variables Local to Program HT-0701 

upper l i m i t  of t h e  a x i a l  increment d is tance  ( t h e  incre-  
mental a x i a l  d i s tance  i s  never allowed t o  exceed t h i s  
value i n  order t o  keep t h e  so lu t ion  s t a b l e ) ,  m 

number of radial increments from t h e  center  l i n e  to t h e  
c o n s t r i c t o r  w a l l  ( f l o a t i n g  number) 

a x i a l  s t a t i o n  number a t  which aerodynamic choking occurs 

index f o r  t h e  main loop within t h e  program 

r a d i a l  index for t h e  cons t r i c to r  w a l l  

index t o  ind ica t e  t h e  a x i a l  s t a t i o n s  f o r  which t h e  r e s u l t s  
should be p r in t ed  and s to red  

f l a g  t o  ind ica t e  t h a t  t h e  flow i s  supersonic 

percentage of t h e  heat f l u x  t o  t h e  cons t r i c to r  w a l l  at 
t h i s  a x i a l  s t a t i o n  t h a t  i s  due to r a d i a t i o n  

l o c a l  s t a t i c  pressure,  a t m  

t o t a l  heat t r a n s f e r  r a t e  t o  t h e  cons t r i c to r  v a l l  a t  t h i s  
a x i a l  s t a t i o n ,  W/m2 

1 mass average energy a t  t h i s  a x i a l  s t a t i o n ,  ;;; sApuh dA, 
J/kg 

half-angle  of divergence of t h e  supersonic nozzle, rad ians  

a x i a l  d i s tance  from s t a t i o n  1 f o r  which t h e  flow chokes, m 

Variables f o r  Program HT-0702 

sca l ing  f ac to r  t h a t  changes t h e  magnitude of t h e  ve loc i ty  
p r o f i l e  to obta in  t h e  des i red  i n i t i a l  flow rate 

space average of t h e  densi ty  a t  this axial  s t a t i o n ,  kg/m3 
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Descript ion - . - Variable name 

TITEIiXR half-angle  of divergence of t h e  supersonic nozzle, rad ians  

ws mass flow r a t e  through t h e  c o n s t r i c t o r  

20 c h a r a c t e r i s t i c  a r c  length,  zo, m 

Variables fo r  Program EPT -0703 

DA 

DHA 

DHRA 

B S  

FJ 

HA 

HRA 

J 

NMESHP 

PRES 

RDR 

RW 

ss 

sw 
vw 

incremental  c ross  - sec t iona l  area, m2 

product of t h e  l o c a l  enthalpy and t h e  incremental  a rea ,  
Jm2/kg 

product of t h e  l o c a l  enthalpy, t h e  l o c a l  densi ty ,  and t h e  
incremental  area, J / m  

product of t h e  l o c a l  r a d i a t i o n  and t h e  incremental  a rea ,  
w/m 

product of t h e  l o c a l  e l e c t r i c a l  conduct ivi ty  and t h e  
incremental  a rea ,  m/n 

f l o a t i n g  index f o r  t h e  r a d i a l  -position 

running t o t a l  of t h e  product of t h e  enthalpy and t h e  a rea ,  
Jm2/kg 

running t o t a l  of t h e  product of enthalpy, densi ty ,  and t h e  
a rea ,  J / m  

index for t h e  r a d i a l  pos i t ion  

r a d i a l  index for t h e  cons t r i c to r  wall 

l o c a l  s t a t i c  pressure,  a t m  

product of t h e  l o c a l  rad ius  and incremental  r a d i a l  
dis tance,  m2 

dumnTy va r i ab le  not used 

running t o t a l  of t h e  product of e l e c t r i c a l  conductivity 
and area ,  m/n 

e l e c t r i c a l  conductivity a t  t h e  cons t r i c to r  w a l l ,  1 l Q - m  

v i s c o s i t y  a t  t h e  cons t r i c to r  wall, Ns/m2 
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Variables Local to Program H"-0704 

Variable name  

DA 

DRA 

DRUH 

J 

PRES 

Fa 
RDR 

DDP 

IND 

N 

AR 

DA 

DRTJTP 

mur 

GA 

GB 

Description -~ ~ 

incremental  cross  - sec t iona l  area, m2 

product of t h e  incremental cross  - sec t iona l  area and t h e  
l o c a l  mass f lux ,  kg/s 

proauct of t h e  incremental cross  - sec t iona l  a rea  and the  
l o c a l  energy f lux ,  W 

index f o r  t h e  radial incremental d i s tance  

l o c a l  s t a t i c  pressure,  a t m  

running sum of t h e  mass f l u x ,  kg/s 

product of t h e  radius  and t h e  incremental r a d i a l  d i s tance ,  
m2 

Variables Local t o  Programs ID-0705 and 0706 

amount t h a t  t h e  pressure drop i s  changed f o r  each i t e r a -  
t i o n  a t  t h i s  a x i a l  s t a t i o n ,  N/m2 

flag used i n  ad jus t ing  t h e  pressure drop during t h e  i t e r a -  
t i o n s  at  t h i s  s t a t i o n  

index f o r  t h e  i t e r a t i o n s  

Variables Local t o  Program l3T-0707 

cross  - sec t iona l  a rea  of t h e  previous s t a t i o n  divided by 
t h e  c ross  - sec t iona l  a rea  of t h i s  s t a t i o n  

incremental  cross  - sec t iona l  a r ea ,  m2 

r a d i a l  mass f l u x  from t h i s  volume increment toward t h e  
center  of t h e  column, kg/sm2 

r a d i a l  mass f lux  toward t h e  center  of t h e  column i n t o  t h i s  
volume increment, kg/sm2 

ve loc i ty  of t h e  gas assoc ia ted  with t h e  r a d i a l  mass f l u x ,  
DRVTP, m/s 

ve loc i ty  of t h e  gas  assoc ia ted  with t h e  r a d i a l  mass f lux ,  
DRUT, m/s 
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Variable name -. __ Descript ion - ----- _ _  - 

index for t h e  r a d i a l  incremental  d i s tance  t h a t  designates  
t h e  cons t r i c to r  w a l l  

NMESHl? 

RADCON momentum convected r a d i a l l y  i n t o  t h i s  volume increment, 
kg/ms2 

RCPl momentum convected r a d i a l l y  i n t o  t h e  volume element at t h e  
previous a x i a l  s t a t i o n ,  kg/ms2 

RCP2 momentum convected r a d i a l l y  i n t o  t h e  volume increment two 
a x i a l  s t a t i o n s  ahead of t h i s  one, kg/ms2 

momentum convected r a d i a l l y  i n t o  t h e  volume increment 
t h r e e  a x i a l  s t a t i o n s  ahead of t h i s  one, kg/ms2 

RCP3 

RCP4 momentum convected r a d i a l l y  i n t o  t h e  volume increment four  
a x i a l  s t a t i o n s  ahead of t h i s  one, kg/msz 

RDR product of t h e  rad ius  and t h e  r a d i a l  incremental  dis tance,  
m2 

l o c a l  mass flux at t h e  previous axial s t a t i o n ,  kg/sm2 RUPREV 

VL viscous losses  f o r  t h i s  volume increment, N/m2 

Variables Local t o  Program HT-0708 

AR cross-sec t iona l  a r ea  of t h e  previous s t a t i o n  divided by 
t h e  c r o s s - s e c t i m a l  a rea  of t h i s  s t a t i o n  

conduction lo s ses  from t h i s  incremental  volume, W/m3 

incremental cross  - sec t iona l  area, m2 

CL 

DA 

DRUTP r a d i a l  mass flux from t h i s  volume increment toward t h e  
center  of t h e  column, kg/sm2 

DRUT r a d i a l  mass flux toward t h e  center  of t h e  column i n t o  t h i s  
volume increment, kg/sm2 

index for t h e  r a d i a l  incremental  d i s tance  ( f l o a t i n g )  FJ 

GA energy of t h e  gas assoc ia ted  with t h e  r a d i a l  mass flow, 
DRUT, J/kg 

GB energy of t h e  gas assoc ia ted  with t h e  radial  mass flow, 
DRUTP, J/kg 

J 
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Vq-iab l e  name 

OH 

M E C O N  

RCPl 

RCP2 

RCP3 

RCP4 

RDR 

RL 

TE 

TEP 

PRAD 

PRES 

QIl 

RUHA 

. .  _ _  Descript ion 

ohmic heat ing within t h i s  volume element, W/m” 

energy convected r a d i a l l y  i n t o  t h i s  volume increment, 
kg/ms2 

energy convected r a d i a l l y  i n t o  t h e  volume element at t h e  
previous a x i a l  s t a t i o n ,  kg/ms‘ 

energy convected r a d i a l l y  i n t o  t h e  volume increment two 
a x i a l  s t a t i o n s  previous to t h i s  one, kg/ms2 

energy convected r a d i a l l y  into t h e  volume increment three 
a x i a l  s t a t i o n s  previous to t h i s  one, kg/ms2 

energy convected r a d i a l l y  i n t o  t h e  volume increment four 
a x i a l  s t a t i o n s  previous to t h i s  one, kg/ms2 

product of t h e  rad ius  and t h e  r a d i a l  incremental d i s tance ,  
m2 

l o c a l  r a d i a t i o n  , W/m3 
l o c a l  k i n e t i c  energy (an a r ray)  , J/kg 

l o c a l  k i n e t i c  energy , J/kg 

Variables Local t o  Program HT-0709 

percentage of t h e  c o n s t r i c t o r  w a l l  heat flux t h a t  i s  due 
t o  r a d i a t i o n  

l o c a l  s-batic pressure,  a t m  

t o t a l  heat t r a n s f e r  r a t e  t o  t h e  cons t r i c to r  w a l l ,  W/m2 

1 mass average energy at t h i s  z x i a l  s t a t i o n ,  sApuh dA, 
J/kg 
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C H T 0 7 0 1  V A L  WATSON DC ARC - A X ' I A L  FLOW - R E A L  GAS - 2D 
COMMON AMPS, D I A M ,  D I A ,  DP, DRDRI DR, DWt  D Z c  EPS', E 

1 * E X +  EXX, FZOP HAVE, HRAVE, H, HWALL, K, K I N C ,  K M A X t  LOC, L 
1 s M, NCHOKE, NERR, N F I L E ,  NK, NMESH, NNN, NTAPE, P H I +  PHIW 
1 9 P, QR, Q, RCAP, RHOAVfi RHO, RHOUt  RROU, R, RUH 
1 9 S IGMA,  THETA, TRCL, U, VISC, W, W\.Et Z 

1 9 P H I ( 1 0 0 1 ,  S I G M A ( 1 0 0 ) i  R C A P ( 1 0 0 ) ,  V I S C ( l O O ) ,  R H O ( 1 0 0 1  
1 s R ( 100 1 8 R H O U ( l O 0 )  I RROU( 100 I 
1 9 H ( 2 r 1 0 0 1 ,  U ( 2 t 1 0 0 1  

D I M E N S I O N  D I A M ( 2 0 0 0 ) ,  P ( 2 0 0 0 ) ~  E ( 2 0 0 0 . ) ,  H W A L L f 2 0 0 0 1  

98 

C 
C S E T  

C 

C A L L  C R I S I S ( Z Z , A A I A M P S , Z )  
C O N 1  I NUE 
NSS 0 

I N I T I A L  C O N D I T I O N S  AND COMPUTE F I R S T  A X I A L  S T E P  
C A L L  BOUNDC 
FNMESH f NMESH 

REWIND 8 
C M A I N  LOOP FOR COMPUTING EACH A X I A L  STEP 

DO 6 K I =  3 ,KMAX 
K = K + l  
NN = NN - 1 

C 
C M A I N T A I N  A X I A L  STEP S I Z E  LESS THAN STEP S I Z E  FOR I N S T A B I L I T Y  

DZMAX = ( (DIA+DIA/4.Ol*RHOU(2)3H(M,2) / fPHI12)+FNMESH*FNMESH))*EXX 
I F ( D 2 - D Z M A X )  4 0 9 4 2 9 4 2  

40 DZ = EX*DZ 
4 2  CON T I N U E  

Z = Z + D Z  
C 
C S T A R T  D I V E R G E N C E  O F  N O Z Z L E  AFTER CHOKING 

I F ( N S S )  5 8 , 5 8 9 5 2  
5 2  I F ( Z - Z C )  5 8 , 5 6 , 5 6  
5 6  D I A M ( K 1  = D I A M ( K C 1  + Z r O * ( Z - Z C I * T A N F ( T H E T A R )  
5 8  C O N T I N U E  

D I A  = D I A M ( K )  
DR = DIA/(2rO+FLOATF(NMESH-l)l 
DRDR = DR+DR 

C 
C I N C R E A S E  I N  FLOkl R A T E  FROM T R A N S P I R A T I O N  COOLING 

C 
C A L T E R N A T I N G  STORAGE L O C A T I O N  FOR A X I A L  S T A T I O N S  

W = W + D Z * 3 r l 4 1 6 * D I A + T R C L  

M = l  
L = L + 1  
I F ( 3 - L )  1 ~ 1 ~ 2  



1 M = 2  
L = l  

2 CON T I N  U E  
C 
C E V A L U A T I O N  O F  THE ENTHALPY AT NEXT A X I A L  S T A T I O N  FROM ENERGY EQUATION 

C 
C CHECK FOR SUPERSONIC OR SUBSONIC FLOW 

C 
C CALCULATION OF V E L O C I T Y  AT  NEXT STA THRU I T E R A T I O N  - SUBSONIC FLOW 

C A L L  ENERGY 

I F l N S S I  60,60962 

6 0  C A L L  I T E R  

62 I F I Z - Z C )  64,66 ,66  
6 4  C A L L  I T E R  

GO TO 68 

GO TO 68 
C 
C CALCULATION OF V E L O C I T Y  AT NEXT STA THRU I T E R A T I O N  - SUPERSONIC FLOW 

6 6  C A L L  I T E R S  
68 CONTINUE 

C 
C CHECK FOR CHOKED FLOW 
C I F  CHOKED AND SUBSONIC, START D I V E R G I N G  NOZZLE 
C I F  CHOKED AND SUPERSONIC9 G I V E  ERROR READING AND E X I T  

I F ( N C H O K E 1  4,4970 
70 I F ( N S S )  7 2 9 7 2 9 3  
72 N S S  = 1 

K C = K - 1  
Z C  = Z - D Z / Z t @  

C A L L  S K I P ( - l , N T A P E )  
READ TAPE NTAPE, K Y  D I A M ( K ) ,  2.9 AMPS9 E I K ) ,  W,QTtHWALL(K)  

1 9PRAD9 NMESHY PRES9FZO9LOC,EPSrDU, D P c  DZ 
2 # H A V E 1  RUHAiHRAVE 

7 3  

3 

4 

P ( K 1 = -  P R E S + l r 0 1 3 E 5  

NMESHP = NMESH + 1 
READ TAPE NTAPE, ( R ( J ) ,  H ( M , J ) ,  U ( M v J ) #  R H O U ( J ) ,  J = l  ,NMESH) 

U(M9NMESHP) = 010 - UIMsNMESH)  
DO 73 J= 1 tNMESH 
R R O U ( J I = R H O U ( J )  
NN= KC-K 

C A L L  S K I P ( 1 ,  NTAPE)  
C A L L  STATEP 
C A L L  WDOT 

GO TO 6 
W R I T E  OUTPIJT TAPE 69 2028 K c  DWt U ( M 8 2 1  
GO TO 8 

CON T I NUE 

A 



C A L L  S T A T E P  
C 
C I F  PRESSURE TOO LOW FOR GAS TABLES,  E X I T  

I F ( P ( K )  - O a l E 5 )  7 4 9 7 4 9 7 6  
7 4  C A L L  OUTPT 

7 6  CONTINUE 
GO TO 8 

C 
C WRITE OUT VALUES FOR EVERY ( K I N C I T H  A X I A L  S T A T I O N  

I F ( " )  5,596 

C A L L  OUTPT 
5 NN = K I N C  

6 CONTINUE 
8 CONTINUE 

REWIND NTAPE 
202 FORMAT(1HOv 18HFLOW CHOKED AT K B 149 1 0 X ~  

1 20HFLOW R A T E  ERROR I S  9 2 P F 1 2 r 7 ,  1 0 H  PERCENT B 

2 14 HCL V E L O C I T Y  = , O P F l O a l ,  8 H  M/SEC 1 
GO T O  98 
END 



- 
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C H T 0 7 0 2  V A L  \JATSON SUBROUT I NE BOUNDC FOR H T 0 7 2 0  
S U B R O U T I N E  BOUNDC 
COMMON AMPS, D I A M ,  D I A i  DP, D R D R i  D R t  DW, DZ, E P S t  E 

1 9 EX, EXX, FZO, HAVE9 HRAVE#*  fl, W A L L #  K #  K I N C ,  KMAX, LOC, L 
1 9 Mp NCHOKEt  NERR, N F I L E ,  NK, NMESH, NNN, NTAPE, P H I 9  PHIW 
1 i P, QR, Q ,  RCAP, RHOAVfi RHO, RHOU9 RROU, R, RUH 
1 i SIGMA, THETA, TRCL, U.9 V I S C ,  bJ, W W ,  2 

1 9 P H I ( 1 0 0 ) i  S I G M A ( 1 0 0 ) b  R C A P ( 1 0 0 ) g  V I S C ( l O O ) ,  R H O ( 1 0 0 )  
1 i R ( 1 0 0 ) ~  R H O U ( 1 0 0 ) 9  R R O U ( 1 0 0 )  
1 # H ( 2 , 1 0 0 ) ,  U 1 2 9 1 0 0 )  

D I Y E N S I O N  D I A M ( 2 0 0 C ) 9  P ( 2 0 0 0 ) r  E ( 2 0 0 0 1 t  H W A t L ( 2 0 0 0 )  

C 
C S E T  

C 
C S E T  

C 
C SET 

C 
C SET 

C A L L  C R I S I S  ( Z Z t A A  1 

U P  MAGNETIC TAPES 
READ I N P U T  TAPE 59 1 0 0 ~  N F I L E  , N T A P E  
C A L L  L O C A T E ( N F I L E , N T A P E I  

MAX ALLOWABLE A X I A L  S T A T I O N S  AND I N T E R V A L  BETWEEN P R I N T O U T  
READ I N P U T  TAPE 5 t  1009 K M A X t  K I N C  

I N I T I A L  VALUES OF CURRENT, FLOW RATES, AND PRESSURE 
READ I N P U T  TAPE 5 ,  101, AMPS# VISI  TRCL, P l l )  
P ( 1 )  = P ( 1 )  * l r 0 1 3 E 5  

UP THE D I A  AS A F U N C T I O N  OF A X I A L  D I S T  
C D I A M E T E R  I S  CONSTANT I N  T H I S  CASE 
C ( T H E T A  I S  THE H A L F  ANGLE OF DIVERGENCE AFTER CHOKING OCCURS) 

READ I N P U T  TAPE 5 9  101, D I A M ( 1 )  
DO 300 I D  = 2 t K M A X  

READ I N P U T  TAPE 5 1  1019 THETA 
THETAR = T H E T A * 2 r 0 * 3 r 1 4 1 6 / 3 6 0 r O  

300 D I A M ( 1 D )  = D I A M ( 1 )  

C 
C S E T  THE !ZrALL TEMP EQUAL TO A F U N C T I O N  OF A X I A L  D I S T A N C E  
C WALL TEMP I S  CONSTANT I N  T H I S  CASE 

READ I N P U T  TAPE 5 s  1019 H W A L L ( 1 )  
DO 400 I W  = 2 t K L I A X  

40 0 HWALL ( 114) = HWALL ( 1) 
C 
C S E T  THE R A D I A L  MESH S I Z E ,  THE R E L A T I V E  A X I A L  INCREMENT S I Z E S #  
C THE S T A B I L I T Y  F A C T O R ( R A T I 0  OF MESH S I Z E S ) ,  AND THE F L O N  RATE ACCURACY 

R E A D  INPUT T A P E  5 , i n o r  NMESH 
READ I N P U T  TAPE 5 9  101, FZO, EX, EXX, E P S  

C 
C SET THE I N I T I A L  ENTHALPY AND V E L O C I T Y  R A D I A L  P R O F I L E S  AT F I R S T  S T A T I O N  

READ I N P U T  TAPE 5 r 1 0 2 t  ( H ( 1 t J ) r  J ' l I N M E S H )  
READ I N P U T  TAPE 5 r 1 0 2 t  f 1 J l l j J ) t  J = l , N M E S H )  



C 
C EVALUATE THE R E M A I N I N G  PROPERTIES A T  THE F I R S T  A X I A L  S T A T I O N  

K = l  
D I A  = D I A M ( K 1  
DR = D I A / ( 2 0 O*FLOATF ( NMESH-1) 
DRDR = DR*DR 
4 = 1  
M = l  
z = 0 0 0  
C A L L  STATEP 
C A L L  WDOT 

C 
C ADJUSTMENT FOR PROPER FLOW RATE 

CWF = !A!S/WW 
DO 2 J = l t N M E S H  

U ( 1 , J )  = C W F * U ( l , J )  
2 U ( 2 , J )  = U ( 1 , J )  

C A L L  WDOT 
IJ W W  

C 
C SET THE I N I T I A L  A X I A L  INCREMENTAL D I S T A N C E  EQUAL TO FZO*CHARACTo LENGTH 

ZO = W*H ( 1 t 2 ) / ( PH I ( 2 * 3 6 141 6 1 
DZ  = FZOPZO 
C A L L  OUTPT 

C 
C CALCULATE THE PROPERTIES FOR THE SECOND A X I A L  S T A T I O N  

M = 2  
K = 2  
D I A  = D I A M ( K I  
DR = DIA/(2rO*FLOATFfNMESH-l) 
DRDR = DR*DR 
DP = 000 
P ( K )  = P ( K - 1 )  + DP 
C A L L  ENERGY 
RHOA = RHOAV 
C A L L  WDOT 
DP ~ W * W * ~ R H O A V ~ R H O A ~ / ~ ~ ~ R H O A * 3 ~ 1 4 1 6 * D I A * D I A ~ / 4 ~ ~ ~ * * 2 ~  
C A L L  I T E R  
Z = Z t D Z  
C A L L  STATEP 
C A L L  OUTPT 

100 F O R M A T ( I 4 )  
101 FORMAT ( E l 0 1  3 1 
102 FORMAT ( 5 E 1 0  a 3  1 

RETURN 
END 

ul 
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C H T 0 7 0 3  V A L  WATSON S U B R O U T I N E  STATEP FOR H T 0 7 2 0  
SUBROUTINE S T A T E P  
COMMON AMPS, D I A M ,  D I A ,  DP, DRDR, DR, DW, D Z i  EPS, E 

1 9 EX, EXX, FZO, HAVE, HRAVE, H c  H':!ALL, K c  K I N C ,  KMAX, LOC, L 
1 9 M 9  NCHOKE, NERRc N F I L E ,  NKI NMESH, NNN, NTAPE,  P H I ,  P H I W  
1 9 P, QR, Q c  RCAP, RHOAV, RHO, RHOU, RROU, R, RUH 
1 9 S IGMA,  THETA, TRCL, IJ, V I S C ,  W #  W W b  Z 

1 9 P H I ( 1 0 0 1 ,  S I G M A ( 1 0 0 ) #  R C A P ( 1 0 0 1 ,  VISC/lOO), R H O ( 1 0 0 )  
1 9 R ( 1 0 @ ) 9  R H O U ( l C O ) ,  R R O U ( 1 0 0 )  
1 9 H ( 2 t 1 0 0 ) ,  U ( 2 9 1 0 0 )  

C A L L  C R I S I S  I Z Z p A A  ) 

D I M E N S I O N  D I A M ( 2 0 0 0 1 ,  P ( 2 O O O 1 #  E ( 2 0 0 0 ) ,  H W A L L ( 2 0 0 0 )  

C 
C E V A L U A T I O N  OF T H E  GAS P R O P E R T I E S  AT THE WALL TEMPERATURE 

PRES = P ( K )  / 1 ~ 0 1 3 E 5  
C A L L  N T A S ( P R E S , H W A L L ( K J  9 PHIW, SWb RW, VLI, 8, NERR) 
NERR = NERR 

HA = O e O  
ss = 010 
HRA t 010 
QR = 010  
DO 30 J= l ,NMESH 

C 
C E V A L U A T I O N  O F  THE GAS P R O P E R T I E S  AT EACH R A D I A L  S T A T I O N  

C A L L  M T A @ ( P R E S , H ( ~ , J ) c P H I ( J ) i S I t M A ( J ) , R e A P ( J ) , V I S C ( J ) ~  8, NERR) 
NERR = NERR 
I F  ( N C R R )  10,10,40 

1 0  C O N T I N U E  

20  C O N T I N U E  
I F  (J-1) 2 0 , 3 0 9 2 0  

F J  = J 
R ( J )  = ( F J - l e S ) * D R  
RDR = R ( J ) * D R  
DA = 6 ~ 2 8 3 2 * R D R  
DHA = DA*H(M,J)  
DSS = D A * S I G M A ( J )  
DHRA = D H A * R H O ( J )  
DOR = D A * R C A P ( J )  
HA = HA + DHA 
ss  = ss + DSS 
HRA = HRA + DHRA 
Q R  = QR + DQR 

CON T I N  UE 
NMESHP = NMESH + 1 
P H I ( N M E S H P  1 2 r O * P H I W  - P H I ( N M E S H 1  
R (NYESHP ) = D I A / 2 e 0  
H(M,NMESHP) H W A L L ( K 1  

3 0  



V I S C ( N M E S H P 1  = 2rO*VW - V I S C ( N M E S H )  
C 
C C A L C U L A T I O N  OF THE VOLTAGE GRADIENT, AVE ENTHALPY+ AND HEAT FLUXES 

E ( K )  = AVPS/SS 
HAVE = H A / ( 3 r 1 4 1 6 * D I A * D I A / 4 r O )  
HRAVE= HRA/(3rl416*DIA*DIA/4rO) 
QR = Q R / ( 3 r 1 4 1 6 * D f A )  
Q = 2 r O * ( P H I ( N M E S H )  - P H I W ) / D R  

40 CONTINUE 
RETURN 
END 

A 



C H T 0 7 0 4  V A L  WATSON S U B R O U T I N E  WDOT FOR H T 0 7 2 0  
SURROUTINE WDOT 
COMMON AMPS, D I A M ,  D I A ,  DP, DRDR, DR, OW, DZc EPS, E 

1 9 EX, EXX, FZOI HAVE, HRAVEc H c  HWALL, K t  K I N C ,  KMAX, L O C #  L 
1 9 M c  NCHOKE, NERR, N F I L E ,  NK, NMESH, NNN, NTAPE, P H I ,  PHIW 
1 9 Pc QR, Q c  RCAP, RHOAV9 RHIO, R H O U i  R R O U t  R #  RUH 
1 9 S IGMA,  THETA, TRCL, U C  V I S C ,  h'fi W W t  Z 

1 9 P l i I ~ l O O ~ ~  S I C M A ( 1 0 0 ) #  R C A P ( 1 0 0 1 r  V I S C ( l O O ) #  R H O ( 1 0 0 )  
1 9 R ( l 0 O ) c  R H O U ( 1 0 0 ) c  R R O U ( 1 0 0 1  
1 9 H ( 2 ? 1 0 0 ) ,  U ( 2 e 1 0 0 )  

C A L L  C R I S I S  ( Z Z c A A  ) 

D I M E N S I O N  D I A V ( 2 0 0 0 ) c  P(2000), € ( 2 0 0 0 \ #  H W A L L ( 2 0 0 0 )  

C 
C E V A L U A T I O N  OF THE FLOW RATE, AVERAGE D E N S I T Y ,  AND ENERGY F L U X  

ww = 0.0 

20  

30 

RA = 010 
RUH = Or0 
PRES = PfK)/lr013E5 

DO 30 JZ1,NMESt-l 
C A L L  NRHOIPRES9 H ( M , J ) r  R H O I J I +  8 t  NERR) 
NERR = NERR 
R H O U ( J 1  R H O ( J l * U I M , J l  
I F ( J - 1 )  20,30920 
C O N T I  MUE 
RDR = R ( J ) + D R  

W W  = W W  t R H O ? I ( J ) * D A  
ORA = D A * R H O ( J )  
RA = RA + DRA 
DRUH = D A + H ( M # J ) * R H O U ( J l  
RUH = RUH + ORUH 

DA = 6 0 2 8 3 2 * R D R  

C O N T I N U E  
RHOAV = R A / ~ 3 o 1 4 1 6 * D I A * D I A / 4 r O )  

RETURN 
END 

i 

I 

I 



C H T 0 7 0 5  V A L  WATSON SUBROUTINE I T E R  FOR H T 0 7 2 0  
SUBROUTINE I T E R  
COMMON AMPS, DIAM,  D I A ,  DP, DRDR, D R #  DW, DZ, EPS,  E 

1 9 EX, EXX,  FZO, H A V E #  HRAVE, H B  HWALL, K t  K I N C ,  KMAX, LOC, L 
1 9 H, NCHOKE, NERR, N F I L E ,  NKI NMESHg NNN, NTAPEg P H I ,  PHIW 
1 9 P, QR, Q c  RCAP, RHOAVt RHO# RHOU, RROU, R, RUH 
1 9 SIGMA, THETA, TRCL, Up V I S C #  V #  kIWc Z 

D I M E N S I O N  D I A ' 4 ( 2 3 0 0 ) #  P ( 2 0 0 0 1 ,  E ( 2 0 0 0 ) ~  H W A L L ( 2 0 0 0 1  
1 9 P H I ( 1 0 0 1 ,  S I G M A ( 1 0 0 ) ,  R C A P ( 1 0 0 ) b  V I S C ( 1 0 0  
1 9 R ( 1 0 0 1 ,  R H O U ( 1 0 0 1 ,  R R O U ( 1 0 0 )  
1 9 H ( 2 t 1 0 0 1 9  U ( 2 , l O O I  

C A L L  C R I S I S  ( 7 2 9 A A  1 
C 
C I T E R A T I O N  TO CALCULATE THE V E L O C I T Y  AT THE NEXT A X I A L  S 
C V E L O C I T Y  I S  FROM MOMENTUM E Q U A T I O N  
C I T E R A T E  U N T I L  THE MASS FLOW IS CONSERVED 

I N D  = 0 
NCHOKE = 0 
DDP = DP 
P ( K 1  = P ( K - 1 1  + DP 
LOC = 0 
NNN = 0 
DO 15 N = 1 + 5 0  

LOC = N 
C A L L  MOM 
NNH = 1 
C A L L  WDOT 
DW = ( W W  - W ) / W  
I F ( A B S F ( D W l  - E P S l  2 0 , l t l  

1 I F ( D W 1  3 9 2 0 t 9  
3 I F (  IND) 7 9 7 t 5  
5 DDP = D D P / 2 r O  
7 DP = DP + DDP 

P ( K )  = P ( K - 1 )  + DP 
GO TO 1 5  

9 DDP = DDP/2,O 
DP DP - DDP 
P ( K 1  = P ( K - 1 1  + DP 

I N D  = 1 
1 5  CONTINUE 

NCHOKE = 1 
2 0  CONTINUE 

RETURN 
END 

9 R H O ( 1 0 0 1  

A T I O N  - SUBSONIC 



C H T 0 7 0 6  V A L  \,/ATSON SUBROUTINE I T E R S  FOR H T 0 7 2 0  
SUBROUTINE I T E R S  

COMMON AMPS3 D I A M ,  D I A ,  DPI DRDR, DR, DW, DZ, EPS, E 
1 9 EX, EXX, F209 HAVE, H R A V E t  H c  HWALL, K i  KING, KMAX, LOC, L 
1 9 M, NCHOKE, NERR, N F I L E ,  NK, NMESH, NNN, NTAPE, P H I ,  PHIW 
1 , P, QR, Q, RCAP, RHOAV, RHO, RHOU, RROU, R, RUH 
1 9 S IGMA,  THETA, TRCL, U c  V I S C t  M t  WW, 2 

1 9 P H I ( 1 0 0 ) t  S I G M A ( 1 0 0 ) r  R C A P ( 1 0 0 ) B  V I S C ( l O O ) ,  R H O ( l 0 0 )  
1 9 R ( 1 0 0  1, RHOUt 100) t RROU( 1 0 0 )  
1 9 H12~100)9 U(2,100) 

D I M E N S I O N  D I A M ( 2 0 0 0 ) 9  P ( 2 0 0 0 ) r  E I 2 0 0 0 ) #  H W A L L ( 2 0 0 0 )  

C A L L  C R I S I S ( Z Z 9 A A A )  
C 
C I T E R A T I O N  TO CALCULATE THE V E L O C I T Y  AT THE NEXT A X I A L  S T A T I O N  - SUPERSONIC 
C V E L O C I T Y  IS FROM MOMENTUM E Q U A T I O N  
C I T E R A T E  U N T I L  THE MASS FLOW I S  CONSERVED 

I N D  = 0 
NCHOKE = 0 
DDP = DP 
P ( K )  = P ( K - 1 )  + DP 
LOC = 0 
NNN = 0 
DO 1 5  N=1,30 

LOC = N 
C A L L  MOM 
NMN = 1 
C A L L  WDOT 
DW : ( W W  - W ) / W  
I F f A B S F ( D W )  - E P S )  20,ltl 

1 I F I D W )  9 , 2 0 9 3  
3 I F (  I N D )  7 9 7 9 5  
5 DDP = D D P / 2 r O  
7 DP = DP + DDP 

P ( K )  = P ( K - 1 )  + DP 
GO TO 1 5  

9 DDP D D P / 2 r O  
DP = DP - DDP 
P ( K )  = P ( K - 1 )  + DP 

I N 0  = 1 
1 5  C O N T I N U E  

2 0  C O N T I N U E  
NCHOKE = 1 

RETURN 
END 



.' 
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C H T 0 7 0 7  V A L  WATSON SUBROUTINE MOM FOR H T 0 7 2 0  
S U B R O U T I N E  MOM 
COMMON AMPS, D I A M ,  D I A ,  DPI DRDR, DR, DW, DZ, EPS, E 

1 9 EX, EXX, F Z O i  HAVE, HRAVE, H e  HWALLC K, K I N C ,  KMAXC LOC, L 
1 9 Mc NCHOKE, NERRB N F I L E ,  NK, NMESH, NNN, NTAPE, P H I ,  P H I W  
1 , P f i  QRI Q c  R C A P i  RHOAV, RHO, RHOU, RROU, R, RUH 
1 9 SIGMA,  THETA, TRCL, U C  V I S C B  W C  W W C  2 

1 9 P H I ( 1 0 0 ) S  S I G M A ( 1 0 0 ) #  R C A P ( 1 0 0 ) t  V I S C ( 1 O O ) t  R H O ( 1 0 0  
1 9 R ( 1 0 0 ) ,  R H O U ( 1 0 0 1 ,  R R O U ( 1 0 0 )  
1 * H ( 2 , 1 0 0 ) ~  U ( 2 0 1 0 0 )  

D I M E N S I O N  D I A M ( 2 0 0 0 ) #  P ( 2 0 0 0 ) ~  E ( 2 0 0 0 ) #  H W A L L ( 2 0 0 0 )  

1 9 R U P R E V ( 1 0 0 1 ,  R C P 1 ( 1 0 0 1 ,  R C P 2 ( 1 0 0 ) ,  R C P 3 ( 1 0 0 ) ,  R C P 4 (  
C A L L  C R I S I S  ( Z Z t R U P R E V )  

40 
4 2  

C 
C CALCULATE THE V E L O C T I Y  A T  THE NEXT A X I A L  S T A T I O N  

NMESHP = NMESH + 1 
I F ( N N N )  10 i10,20 

10 C O N T I N U E  
DRUT = 0 1 0  
U(L,NMESHP)  = 0 1 0  

AR = DIAM(K-l)*DIAM(K-l)/(DIAM(K)*DIAM(K)) 

R U P R E V t J )  = R R O U ( J )  
R R O U I J )  = R H O U ( J )  

DO 30 J=2.*NMESH 

C 
C CORRECTION FOR R A D I A L  CONVECTION 

DRUTP = D R U T * R ( J - l ) / R ( J )  
DRUT R R O U ( J )  - R U P R E V ( J ) * A R  + DRUTP 

6 2  I F ( D R U T 1  6 4 9 6 8 9 6 6  
64  GB = U ( L , J )  

6 6  GB = U ( L t J + l )  
6 8  I F ( D R U T P )  7 0 9 7 4 ~ 7 2  
70 GA = U ( L , J - 1 )  

7 2  GA = U I L B J )  
74  CONT I NUE 

GO TO 6 8  

GO TO 74 

RADCON = DRUT*GB - DRUTP*GA 
1 + l a O * U ( L , J ) * ( R U P R E V ( J I * A R  - R R O U ( J ) )  

C 
C SMOOTHING THE R A D I A L  CONVECTION 

R C P 4 ( J )  R C P S ( J )  
R C P 3 ( J )  = R C P 2 ( J )  
R C P Z ( J )  = R C P l ( J 1  
R C P l ( J )  = RADCON 

I F ( K  - 4 )  4 2 , 4 2 8 3 0  
C O N T I N U E  

00) 



f 

R C P l ( J )  = 000 
R C P Z ( J 1  f 000 
R C P 3 ( J )  000 
R C P 4 ( J )  O e O  
R U P R E V ( J )  = R R O U ( J )  

30 CONTINUE 
U ( L t N M E S H P 1  = 010 - U ( L # N M E S H )  
U I M t N M E S H P )  = 000 

DO 50 J'2,NMESH 
20 CONTINUE 

RDR = R ( J ) * D R  
DA : 6 * 2 8 3 2 * R D R  
V L  : O b 0  - ( l o O / R D R ) * (  

1 ( ( R ( J + l J  + R ( J ) ) / 2 t O ) * ( ( V I S C ( J + l )  + V I S C ( J ) ) / 2 o O ) *  
2 ( (U(L ,J+ l )  - U ( L t J )  ) / O R )  
3 - ( ( R ( J )  + R I J - l ) ) 1 2 r O ) * ( I V I S C ( J )  + V I S C ( J - l ) ) / 2 o O l +  
4 ( ( U I L B J )  - U ( L , J - l ) ) / D R )  1 

RADCON = O e 2 5 ( R C P 1 1 J )  + R C P Z ( J )  + R C P 3 1 J )  + R C P 4 ( J ) )  
U ( M @ J )  = U(L,J) - ( D P  + DZ+VL - R A D C O N ) * ( R U P R E V ( J ) /  

2 ( R R O U ( J ) * R R O U ( J ) ) )  
9 0  CONTINUE 

U ( M 9 1 )  U(M921 
RETURN 
END 

A 



C H T 0 7 0 8  VAL.WATSON SUBROUTINE ENERGY FOR H f 0 7 2 0  
S U B R O U T I N E  ENERGY 
COMMON AYPS, D I A M ,  D I A ,  DP, DRDR, DR, DW, D Z c  EPS, E 

1 9 EX, EXX, FZO, HAVE, YRAVE, Hc HWALL, K, K I N C ,  KMAX9 L O C (  L 
1 c M, NCHOKE, NERR, N F J L E ,  NK, NMESH, NYN, NTAPEc P H I ,  PHIW 
1 9 P, Q R ,  Q, RCAP, KHOAV, RHO, RHOU, RROU9 R, RUH 
1 9 SIGMA,  THETA, TRCL, IJ, V I S C ,  W ,  W W #  Z 

1 t PHI(1OO)g S I G V A ( 1 0 0 ) g  R C A P ( l C O ) #  v I . S C 1 1 0 @ ) 9  R H O ( 1 0 0 )  
1 t R ( 1 0 0 ) g  R H 0 1 1 ( 1 0 0 )  9 R R O U ( 1 0 0 )  
1 9 H ( 2 t 1 0 0 ) g  r J ( 2 i 1 0 0 )  
1 9 R C P 1 ( 1 0 0 ) ,  R C P 2 ( 1 0 0 ) 9  R C P 3 ( 1 0 0 ) ,  R C P 4 ( l O @ )  
1 9 T E ( 1 0 0 1  

D I M E N S I O N  D f A M ( 2 0 0 0 ) #  P ( 2 0 O n ) ) ,  E ( 2 0 0 C ’ ) ~  Hh!4LL(2DOO) 

C A L L  C R I S I S  ( Z Z g R C P 1 )  
C 
C C A L C U L A T E  THE E N T H A L P Y  AT THE N E X T  A X I A L  S T A T I O N  

DRUT = O b 0  
T E ( 2 )  = U ( M , 2 ) * U ( M , 2 ) / 2 @ 0  

DO 40 J=2 tNMESH 
A R  = D I A M I K - ~ ~ * D I A M ( K - ~ ) / ( D ~ A M ( K ) * D I A ~ ~ ( K )  

F J  = J 
R I J )  ( F J - l 8 5 ) * D R  
RDR = R ( J ) * D R  
DA = 6 t 2 8 3 2 * R D R  

C L  3 0 1 0  - ( ( P H I ( J + l )  - 2 r O * P H I ( J )  + P H I ( J - l ) ) / D R D R  

RL = R C A P ( J )  
OH = (E(K-l)*€(K-l)*SIGMA(J)) 
T E ( J + l )  = U ( M , J + l ) * U ( M , J + 1 ) / 2 r O  
TEP = U ( L , J  ) * U ( L , J  ) / 2 r 0  

1 + ( P H I ( J + l )  - P H I ( J - l ) ) / ( 2 r O + R D R )  1 

C 
C CORRECTION FOR R A D I A L  CONVECTION 

DRUTP s D R U T * R ( J - l ) / R ( J )  
DRUT = R H O U ( J )  - R R O U ( J ) * A R  + DRUTP 

6 2  I F ( D R U 7 )  6 4 , 6 8 9 6 6  
6 4  GI3 = H ( L , J )  + T E ( J )  

6 6  G R  = H ( L , J + l )  + T E ( J + l )  
6 8  I F ( DRUTP 1 70 974 , 7 2  
70 GA = H ( L , J - 1 )  + T E ( J - 1 )  

GO TO 74  
7 2  GA = H ( L , J )  + T E ( J )  
74  CON T I NUE 

GO TO 6 8  

RADCON = DRUT*GB - DRUTP*GA 
2 + l r O + + H ( L , J ) * ( R R O U ( J ) * A R  - R H O U ( J )  1 

C 
C SMOOTHING THE R A D I A L  CONVECTION 



20 

RCP4(J) = RCP3(J) 
RCP3(J) = RCPZ(J) 
RCPZ(J) = RCPl(J) 
RCPl(J) = RADCON 

CONT I NU E 
RCPl(J) = 0 1 0  
RCPZ(J1 = 010 
RCP3(JI = 0 1 0  
RCP4(J) = 010 
RROU(J) = RHOU(J1 

IF(K-4) 20920922 

2 2  CONT I NUE 
RADCON 3 0*25(RCPl(J) + RCPZ(J) + RCP31J) +RCP4(J)) 

HfMfiJ) f H(L,J) + (DZ*fOH-CL-RL) + RADCON)*fRROU(J)/ 
1 (RHOU(J)*RHOU(J))l +TEP - TE(J) 

40 CONTINUE 
H(Mt1) = H(Mj2) 
RETURN 
END 



C H T 0 7 0 9  V A L  WATSON SURROUTINE OUTPT FOR H T 0 7 2 0  
SURROUTINE OUTPT 
COMMON AMPS, D I A M ,  D I A ,  DP, DRDR, OR, DWC D Z t  EPS, E 

1 9 EX, EXXI FZO, HAVE9 HRAVE, HI HWALL, K, K I N C ,  KMAX, LOC, L 
1 9 M, NCHOKE, NERR, N F I L E ,  NK, NblESt.1, N N N t  NTAPE, P H I  PHIW 
1 9 P c  QR9 Q 9  RCAP, RHOAVI RHO, RHOU, RROU, R, RUH 
1 9 SIGMA, THETA, T R C L +  U t  V I S C ,  W, W W #  2 

1 9 P H 1 ( 1 0 0 ) ,  S I G M A ( 1 0 0 ) g  R C A P ( 1 0 0 ) g  V f S C ( 1 0 0 ) ,  R H O ( 1 0 0 )  
1 9 R ( 1 0 0 ) ~  RHOU(1001, R R O U ( 1 0 0 )  
1 9 H ( 2 c 1 0 0 ) ~  U(2,lOO) 

C A L L  C R I S I S  ( Z Z t A A  1 

D I M E N S I O N  D I A M ( 2 0 0 0 ) +  P 1 2 0 0 0 ) #  E ( 2 0 0 0 1 ~  H U A L L 1 2 0 0 0 )  

Q T  = Q+QR 
RUHA = RUH/!J 
PRAD = QR/QT *lo010 
PRES = P ( K ) / l a 0 1 3 E 5  
W R I T E  TAPE NTAP.EI K, D I A M f K ) ,  2, A M P S t  E I K ) ,  W,QT#HWALL(K)  

1 ,PRAD, NMESH, PRES,FZO,LOC,EPS,DW, DP, D 2  
2 9 HAVE, RUHA9HRAVE 

W R I T E  TAPE NTAPEI ( R ( J ) r  H ( M s J I 9  U f M , J I ,  R H O U I J ) ,  J = l  PNMESH) 
END F I L E  NTAPE 
W R I T E  OUTPUT T A P E  6 , 3 0 0 t K ~  D I A M ( K ) , Z t A M P S , E ( K ) , W t Q T , T R C L  
W R I T E  OUTPUT T A P E  6t299,PRAD,HWALLfK)#PRESg NMESH,LOCtFZOtDW,EPS, 

W R I T E  OUTPUT TAPE 69 2 9 8 ,  HAVE, RUHA, HRAVE 
W R I T E  OUTPUT TAPE 6 , 3 0 l , ( R ( J I ,  H ( M B J I ,  U ( M , J ) #  R H O U ( J 1 9  

1 N F I L E ,  EX 

1 R ( J + 2 5 ) ,  H ( M , J + 2 5 ) *  U ( M t J + 2 5 ) ,  R H O U ( J + 2 4 1  9 J = 1 , 2 5  1 

1 1 5 H A X I A L  S T A T I O N  # I 4  I 1 6 X g  
3 5 0 H  DC THERMAL ARC W I T H  A X I A L  GAS FLOW 8 
2 1 5 H D I A M E T E R  * )  E 1 0 8 3 ,  1 0 H  METERS / 
1 1 x 9  l 5 H A X I A L  D I S T  = * E 1 0 e 3 ,  1 0 H  METERS 9 
2 5 0 X +  15HCURRENT = t E 1 0 e 3 ,  1 0 H  AMPS / 
1 1 x 9  15HVOLTAGE GRAD = 9 E 1 0 1 3 ~  10H VOLTS/FI 9 
2 5 0 x 9  15HFLOW RATE = 9 E 1 0 e 3 #  1 0 H  KG/SEC / 
2 1 x 9  l 5 H W A L L  HEAT F L U X =  # E 1 0 1 3 9  2 2 H  WATTS/M+*2 8 
2 3 8 x 9  1 5 H T R A N S  C O O L I V G  = # E 1 0 1 3 9  1 2 H  KG/SEC-M**2 I 

2 1 5 H R A D I A T I O N  LOSS= v F1Oa49 1 0 H  PERCENT 9 

2 5 0 x 9  1 5 H W A L L  ENTHALPY = 9 E 1 0 1 3 r  1 0 H  JOULES/KG / 
2 1 x 9  15HPRESSl lRE 9 F 1 0 a 4 ,  1 0 H  ATMOS # 
2 5 0 X ~  l 5 H N M E S H  1 1 4  / 
2 1 X c  l 5 H L O C  f I 14# 1 6 x 1  
2 5 0 x 9  15HFZO = B E 1 0 1 3  / 
2 1 x 9  15HOW a ( E 1 0 1 3  B 1 O X  
2 5 0 X ~  l5HEPS = 9 €1013 / 
2 1X, 1 5 H F I L E  B 1 4 ~ 6 6 X v 1 5 H E X  

300 F O R M A T ( l H 1 ,  

2 9 9  F O R M A T f l H  g 



2 9 8  F O R M A T I l H O ,  
1 25HSPACE AVERAGE ENTHALPY = t E 1 5 r 5 ~  
2 1x9 25HMASS AVERAGE ENTHALPY = t E 1 5 t 5 t  
3 1 x 9  25HAVERAGE ENERGY D E N S I T Y  = , E 1 5 r 5 t  

301  F O R M A T ( l H O 9  3 X t l O H  RADI lJS 1 5 X 9 1 0 H  ENTHALPY 
1 5 x 9  10H V E L O C I T Y  # 5 x 9  1 0 H  MASS FLUX I 
2 5 X j 1 O H  R A D I U S  t 5 X 1 1 0 H  ENTHALPY 
3 5 x 9  1 0 H  V E L O C I T Y  9 5X, 1 0 H  MASS FLUX / 
4 1 x 9  3 X 9 1 0 H  METERS t 5 X 9 1 0 H  J O U L E S I K G  
5 5 x 9  10H M/S t 5 x 1  1 0 H  KG/S M+*2 8 
4 5 X 9 1 D H  METERS 9 5 X b 1 0 H  J U U L E S / K G  
5 5 x 1  1 0 H  M/S t 5 x 9  1 0 H  K C / S  M*+2 / /  
9 ( 8 1 E 1 5 r 5 )  1 )  

N F I L E  = N F I L E  t 1 
RETURN 
END 

1 0 H  JOULES/KG / 
1 0 H  JOULES/KG / 
1 2 H  JOULES/M**3 ) 

t 

I 

9 
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APPENDIX C 

FORTRAN PROGRAM FOR THE SOLUTION OF THE ASYMMETRIC CONSTRICTED ARC 

WITH AN AXIAL FLOW OF GAS 

This  appendix contains t he  Fortran I1 programs f o r  t h e  numerical so lu t ion  
of t h e  asymmetric cons t r i c t ed  arc w i t h  a n  a x i a l  flow of gas .  The data 
requi red  f o r  input i n t o  t h e s e  programs and a legend f o r  t h e  For t r an  va r i ab le s  
are a l s o  included. 

The funct ion of each subroutine i s  described below. 

BOUNDC provides f o r  t h e  s p e c i f i c a t i o n  of t h e  boundary conditions for t h e  
main program 

STATEP evaluates t h e  s ta te  p rope r t i e s  (except dens i ty)  f o r  a l l  of t h e  
mesh points  a t  each a x i a l  s t a t i o n  

WDOT evaluates t h e  density f o r  a l l  mesh points  at each axial s t a t i o n  
and ca l cu la t e s  t h e  mass flow rate  by i n t e g r a t i o n  of t h e  mass 
flux over t h e  c o n s t r i c t o r  c ros s - sec t iona l  area 

ENERGY c a l c u l a t e s  t h e  enthalpy f o r  a l l  mesh po in t s  a t  t h e  next a x i a l  
s t a t i o n  from t h e  energy equation 

MOM ca l cu la t e s  t h e  ve loc i ty  f o r  a l l  mesh po in t s  a t  t h e  next axial  
s t a t i o n  from t h e  momentum equation 

ITER provides the i t e r a t i o n  of pressure t o  ob ta in  t h e  co r rec t  mass flow 
i n  t h e  subsonic p o r t i o n  of t h e  nozzle 

OUTPT p r i n t s  and writes on magnetic t a p e  t h e  r e s u l t s  of t h e  main program 

A second main program e n t i t l e d  he re in  "Supersonic Continuation" uses t h e  
same subroutines t o  continue i n t o  t h e  supersonic region of t h e  nozzle with the  
exception t h a t  t h e  following subroutine replaces  ITER. 

ITERS provides t h e  i t e r a t i o n  of pressure t o  ob ta in  t h e  co r rec t  mass flow 
i n  t h e  supersonic por t ion  of t h e  nozzle 
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r' 
INPUT DATA REQUIRED 

For t ran  v a r i a b l e s  For mat 
. . - - - - - Card number 

1 "MESH, NFILE, NTAPE, NK 414 

2 

3 

4 

5 

6 

7 

8 

9 

10 

CDIA 

AMPS 

p( 1) 

wc 
CHWALL 

FZO 

EPS 

Ex 

NCD 

E10.3 

I4 

11 through 11 + NCD J, I, H ( 1 ,  J, I) 214, ElO.3 

These For t r an  va r i ab le s  are described i n  t h e  following legend. under t h e  
va r i ab le s  common t o  a l l  programs or under t h e  v a r i a b l e s  f o r  program El? 0751. 
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INPUT DATA REQUIRED FOR SUPERSONIC CONTINUATION 

Card number For t ran  va r i ab le s  Format 

1 ' WILE(l),  NTaPE(1) 21 4 
2 WILE, NTAPE, KMAX, KINC 41 4 
3 Ex ~ 1 0 . 3  
4 zc ~ 1 0 . 3  
5 THETA EIO .3 

VARIABLES USED I N  THE PROGRAMS FOR THE NUMERICAL SOLUTIONS OF THE 
ASYMMETRIC CONSTRICTED THERMAL ARC WITH AN AXIAL FLOW OF GAS 

Variables Common t o  a l l  Programs 

_ _ _ _  Descript ion 
. -  

Variable name 

AMPS t o t a l  current  c a r r i e d  by t h e  cons t r i c to r ,  A 

DIAM diameter of t h e  cons t r i c to r  ( a n  a r r a y ) ,  m 

DIA diameter of t h e  cons t r i c to r ,  m 

DP pressure drop between a x i a l  s t a t i o n s ,  N/m2 

Dw discrepancy between t h e  mass flow r a t e  a t  t h i s  a x i a l  
s t a t i o n  and t h e  i n i t i a l  mass flow rate, kg/s 

DZ incremental a x i a l  dis tance,  m 

EPS maximum allowable r e l a t i v e  discrepancy of t h e  mass flow 
r a t e  

E a x i a l  vo l tage  gradien t ,  V/m 

Ex f a c t o r  by which t h e  a x i a l  incremental  d i s tance  i s  increased 
for t h e  next a x i a l  s t a t i o n  

Exx mass flow r a t e  at t h e  i n i t i a l  axial s t a t i o n ,  kg/s 

FZO length  of t h e  f irst  a x i a l  increment divided by t h e  
c h a r a c t e r i s t i c  a r c  length,  zo 

H l o c a l  enthalpy, J/kg 

WALL enthalpy of t h e  gas a t  t h e  c o n s t r i c t c r  w a l l ,  J/kg 

K a x i a l  s t a t i o n  number 



Variable  name Descr ipt ion 

Lx)C number of i t e r a t i o n s  requi red  t o  s a t i s f y  t h e  cont inui ty  
equation ( i . e . ,  t h e  number of i t e r a t i o n s  requi red  such 
t h a t  t h e  flow r a t e  a t  t h i s  axial s t a t i o n  i s  s u f f i c i e n t l y  
near t h e  i n i t i a l  f low rate) . 

L 

M 

NCHOKE 

WILE 

NK 

NMESH 

N" 

"E 

PHI 

PHIW 

P 

&R 

Q 

RCAP 

RHOAV 

RHO 

RHOU 

SIGMA 

U 

r e l a t i v e  axial  s t a t i o n  number 

second r e l a t i v e  axial s t a t i o n  number 

f l a g  ind ica t ing  t h a t  t h e  flow i s  choked 

f i l e  number on t h e  magnetic t a p e  used t o  s t o r e  t h e  so lu t ions  

m a x i m u m  number of axial s t a t i o n s  t o  be ca lcu la ted  

number of r a d i a l  increments from t h e  center  l i n e  t o  t h e  
c o n s t r i c t o r  wall 

f l a g  ind ica t ing  t h a t  t h i s  i s  t h e  f irst  i t e r a t i o n  on pres-  
sure drop (zero  ind ica t e s  f irst  i t e r a t i o n ,  1 ind ica t e s  
a l l  i t e r a t i o n s  t h e r e a f t e r  

magnetic t a p e  on which t h e  s o l u t i o n  i s  s to red  

l o c a l  thermal conduct ivi ty  p o t e n t i a l ,  W/m 

thermal conduct ivi ty  p o t e n t i a l  of t h e  gas a t  t h e  cons t r i c to r  
w a l l ,  w/m 

s t a t i c  pressure at t h i s  axial  s t a t i o n ,  N/m2 

heat  t r a n s f e r  r a t e  t o  t h e  c o n s t r i c t o r  w a l l  t h a t  i s  due t o  
r ad ia t ion ,  W/m2 

heat  t r a n s f e r  r a t e  t o  t h e  c o n s t r i c t o r  w a l l  t h a t  i s  due t o  
thermal conduction, W/m2 

l o c a l  r ad ia t ion ,  W/m3 

space average densi ty ,  kg/m3 

l o c a l  densi ty ,  kg/m3 

l o c a l  product of dens i ty  and v e l o c i t y  at t h i s  s t a t i o n ,  
kg/sm2 

l o c a l  e l e c t r i c a l  conduct ivi ty ,  1 /R-m 

l o c a l  ve loc i ty ,  m/s  



Descript ion . 
~~~ 

Variable  name 

VISC l o c a l  v i s c o s i t y ,  Ns/m2 

W 

ww 

Z 

$.wF 

DZMAX 

M O A  

zo 

CDIA 

CHWALL 

FJ 

F N I  

I 

J 

NCD 

NI 

DA 

DRDR 

mass flow rate  a t  t h e  i n i t i a l  axial  s t a t i o n ,  kg/s 

mass flow r a t e  a t  t h i s  axial  s t a t i o n ,  kg/s 

axial d i s t ance  of t h i s  axial  s t a t i o n  from t h e  i n i t i a l  axial 
s t a t i o n ,  m 

Variables  Local t o  Program HT-0750 

sca l ing  f a c t o r  t h a t  changes t h e  magnitude of t h e  ve loc i ty  
p r o f i l e  t o  ob ta in  t h e  des i red  i n i t i a l  f low r a t e  

upper l i m i t  of t h e  a x i a l  incremental  d i s tance  ( t h e  inc re -  
mental axial d is tance  i s  never allowed t o  exceed t h i s  
va lue  i n  order  t o  keep t h e  s o l u t i o n  s t a b l e ) ,  m 

space average of t h e  dens i ty  at t h i s  axial  s t a t i o n ,  kg/m3 

c h a r a c t e r i s t i c  a r c  length,  zo 

Variables  Local t o  Program HT-0751 

c o n s t r i c t o r  w a l l  diameter, m 

enthalpy of t h e  gas at t h e  c o n s t r i c t o r  w a l l ,  J /kg 

f l o a t i n g  index for t h e  radial  pos i t i on  

number of increments i n  t h e  azimuthal d i r e c t i o n  ( f l o a t i n g )  

index f o r  t h e  azimuthal pos i t i on  

index f o r  t h e  r a d i a l  pos i t i on  

number of da t a  cards  used t o  spec i fy  t h e  i n i t i a l  enthalpy 
d i s t r i b u t i o n  

number of azimuthal increments 

Variables  Local t o  Program HT-0752 

incremental  c ross  - sec t iona l  a r ea ,  m2 

square of t h e  incremental  r a d i a l  d i s tance ,  DR, m2 



Variable name 
DR 

FJ 

FNI 

I 

J 

JmRR 

N I  

m 
R 

RW 

SS 

SW 

DA 

DRDR 

DR 

DTH 

FJ 

FNI 

I 

J 

NEm 

NI 

R 

Descript ion - ~. __ 
incremental radial dis tance,  m 

incremental azimuthal d i s tance ,  r ad ians  

f l o a t i n g  index for t h e  radial pos i t i on  

number of increments i n  t h e  azimuthal d i r e c t i o n  ( f loa t ing )  

index f o r  t h e  azimuthal pos i t ion  

index f o r  t h e  r a d i a l  pos i t i on  

e r r o r  f l a g  f o r  t h e  gas property subroutines 

number of azimuthal increments 

running t o t a l  of t h e  product of r a d i a t i o n  and area ,  W/m 

radial pos i t ion ,  m 

d m  va r i ab le  not used 

running t o t a l  of t h e  product of t h e  e l e c t r i c a l  conductivity 
and area, m/n 

dunq  va r i ab le  not used 

Variables Local to Programs €T-07.53 and 0754 

incremental  c ross -sec t iona l  area, mz 

square of t h e  incremental radial d is tance ,  DR, m2 

incremental  radial d is tance ,  m 

incremental  azimuthal d i s tance ,  rad ians  

f l o a t i n g  index f o r  t h e  radial  pos i t i on  

number of increments i n  t h e  azimuthal d i r ec t ion  ( f loa t ing )  

index f o r  t h e  azimuthal p o s i t i o n  

index f o r  t h e  radial pos i t i on  

e r r o r  f l a g  for t h e  gas property subroutines 

number of azimuthal increments 

radial pos i t ion ,  m 

7 2  



II - 

Variables Local t o  Program HT-0755 

Variable  name 

CL 

DA 

DRDR 

DR 

DTH 

DZRU 

FJ 

FNI 

I C  c 

I C  

IMM 

I M  

IPP 

I P  

I 

J 

N I  

OH 

PHIMM 

PHIM 

PHI0 

Descript ion 

conduction lo s ses  from t h i s  incremental  volume, W/”” 

incremental  c ross -sec t iona l  a r ea ,  m2 

square of t h e  incremental  radial d is tance ,  DR, m2 

incremental  radial  d is tance ,  m 

incremental  azimuthal d i s tance ,  radians 

l o c a l  DZ divided by t h e  l o c a l  RHOU, m3s/kg 

index f o r  t h e  r a d i a l  incremental  d i s tance  ( f l o a t i n g )  

number of azimuthal increments 

index for changing t h e  number of azimuthal increments 

second index for changing t h e  number of azimuthal 
increments 

index for t h e  previous azimuthal pos i t i on  

index for t h e  azimuthal pos i t i on  a t  t h e  previous radial  
pos i t  i on  

index for t h e  next azimuthal pos i t i on  

index for t h e  azimuthal pos i t i on  a t  t h e  next radial 
p o s i t  i o n  

index for t h e  azimuthal pos i t i on  

index for t h e  radial pos i t i on  

number of a z  imut ha1 increments 

ohmic heat ing within t h i s  volume element, W/m” 

thermal conduct ivi ty  p o t e n t i a l  a t  t h e  previous radial  
p o s i t  ion,  w/m 

thermal conduct ivi ty  p o t e n t i a l  a t  t h e  previous azimuthal 
pos i t ion ,  W/m 

thermal conduct ivi ty  p o t e n t i a l  a t  t h i s  r a d i a l  and 
azimuthal pos i t ion ,  W/m 
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Variable naEe 
PHIPP 

PHIP 

RDR 

RDTH2 

RL 

R 

SLOPE 

DA 

DRDR 

DR 

DTH 

DZRU 

FJ 

FNI 

I C C  

I C  

IMM 

I M  

IPP 

IP  

~ Descript ion . -  __ _ _ .  _ _  . - 

thermal  conduct ivi ty  p o t e n t i a l  at t h e  next azimuthal 
pos i t ion ,  W/m 

thermal conduct ivi ty  p o t e n t i a l  a t  t h e  next r a d i a l  
pos i t ion ,  W/m 

product of t h e  l o c a l  r ad ius  and incremental  r a d i a l  d i s tance ,  
m2 

square of t h e  product of r ad ius  and incremental  azimuthal 
d i s tance ,  m2 

r a d i a t i o n  lo s ses  from t h i s  incremental  volume, W/m” 

r a d i a l  pos i t i on ,  m 

g rad ien t  of t h e  thermal conduct ivi ty  p o t e n t i a l  at t h e  w a l l ,  
W/m2 

Variables  Local t o  Program HT-0756 

incremental  c ross  - sec t iona l  a r ea ,  m2 

square of t h e  incremental  r a d i a l  d i s tance ,  DRY m2 

incremental  r a d i a l  d i s tance ,  m 

incremental  azimuthal d i s tance ,  rad ians  

l o c a l  DZ divided by t h e  l o c a l  RHOU, m3s/kg 

index for t h e  r a d i a l  incremental  d i s tance  ( f l o a t i n g )  

number of azimuthal increments 

index for changing t h e  number of azimuthal increments 

second index f o r  changing t h e  number of azimuthal 
increment s 

index f o r  t h e  previous azimuthal pos i t i on  

index f o r  t h e  azimuthal pos i t i on  a t  t h e  previous r a d i a l  
pos i t i on  

index f o r  t h e  next azimuthal pos i t i on  

index f o r  t h e  azimuthal pos i t i on  at t h e  next r a d i a l  
p o s i t  ion 
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Variable name 
I 

J 

N I  

RDR 

RDI’H2 

R 

UMM 

UM 

uo 

UPP 

UP 

VL 

VMM 

VM 

vo 
VPP 

vp 

DDP 

I N D  

N 

Descr ipt ion ~. ~~ 

index f o r  t h e  azimuthal pos i t i on  

index f o r  t h e  radial pos i t i on  

number of azimuthal increments 

product of t h e  l o c a l  r ad ius  and incremental  radial 
d is tance ,  m2 

square of t h e  product of r ad ius  and incremental  azimuthal 
d i s tance ,  m2 

r a d i a l  pos i t i on ,  m 

v e l o c i t y  a t  t h e  previous azimuthal pos i t i on ,  m / s  

ve loc i ty  at t h e  previous radial pos i t i on ,  m / s  

ve loc i ty  a t  t h i s  r a d i a l  and azimuthal pos i t ion ,  m/s  

ve loc i ty  a t  t h e  next azimuthal pos i t i on ,  m/s  

ve loc i ty  a t  t h e  next r a d i a l  pos i t i on ,  m/s 

viscous lo s ses  from t h i s  volume increment, N/m” 

v i s c o s i t y  at t h e  previous azimuthal pos i t ion ,  Ns/m2 

v i s c o s i t y  a t  t h e  previous r a d i a l  pos i t ion ,  Ns/m2 

v i s c o s i t y  a t  t h i s  radial  and azimuthal pos i t ion ,  Ns/m2 

v i s c o s i t y  a t  t h e  next azimuthal pos i t i on ,  Ns/m2 

v i s c o s i t y  at t h e  next r a d i a l  pos i t i on ,  Ns/m2 

Variables  Local t o  Program KC-0757 

amount t h a t  t h e  pressure  drop has changed f o r  each 
i t e r a t i o n  at  t h i s  axial s t a t i o n ,  N/m2 

f l a g  used i n  ad jus t ing  t h e  pressure  drop during t h e  
i t e r a t i o n s  a t  t h i s  s t a t i o n  

index for t h e  i t e r a t i o n s  
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Variables Local t o  Program HT-0758 

Variable name 

FJ 

FNI 

J 

N I  

PRAD 

K I N C  

KMAX 

NFILEl 

N I  

NPJ 

NTAPEl 

PX 

Qx 

THETAR 

THETA 

zc 

DDP 

Description 

index f o r  t h e  rad ia l  p o s i t i o n  ( f l o a t i n g )  

number of azimuthal increments ( f l o a t i n g )  

index f o r  t h e  r a d i a l  p o s i t i o n  

number of azimuthal increments 

percentage of t h e  c o n s t r i c t o r  w a l l  heat  f l u x  t h a t  i s  due t o  
r a d i a t i o n  

t o t a l  heat t r a n s f e r  rate to t h e  cons t r i c to r  w a l l ,  W/m2 

Variables Local t o  Program HT-0780 

number of a x i a l  s t a t i o n s  between p r in tou t  of r e s u l t s  

maximum number of a x i a l  s t a t i o n s  t o  be ca l cu la t ed  

magnetic t a p e  f i l e  number ind ica t ing  t h e  last f i l e  of t h e  
subsonic r e s u l t s  

number of azimuthal increments 

index for p r i n t i n g  r e s u l t s  

magnetic t a p e  on which t h e  subsonic r e s u l t s  are s tored 

pressure a t  t h e  last a x i a l  s t a t i o n  of t h e  subsonic flow 
regime, N/m2 

heat f l u x  t o  t h e  c o n s t r i c t o r  w a l l  a t  t h e  las t  a x i a l  s t a t i o n  
of t h e  subsonic regime, W/m2 

half-angle  of divergence of t h e  supersonic nozzle, radians 

half-angle  of divergence of t h e  supersonic nozzle, deg 

ax ia l  p o s i t i o n  at choking, m 

Variables Local t o  Program HT-0781 

amount t h a t  pressure drop has changed for each i t e r a t i o n  
at t h i s  axial  s t a t i o n ,  N/m2 



Variable  name 

IND 

N 

Descript ion 

f l ag  used i n  adjusting t h e  pressure  drop during t h e  
i t e r a t i o n s  a t  t h i s  s t a t i o n  

index f o r  the  i t e r a t i o n s  
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C H T 0 7 5 0  V A L  WATSON DC ARC - A X I A L  FLOW - R E A L  GAS 
COMMON AMPS, W, WW, DP, DZ, EPS, FZO, 29 Q, QR, DW, D I A ,  EX, E X X e  

1 H, P H I ,  SIGMA, RCAP, RHO, V I S C ,  HWALL, RHOAV, RHOU, PHIW, 
1 P c  E, D I A M ,  U, 
1 NMESH, K s  L t  M, LOC, N F I L E ,  N T A P E t  H C H O K E t  N K B  NNN 

D I M E N S I O N  D I A M ( 1 0 0 0 ) v  P ( l O O O ) ,  E ( 1 0 0 0 ) #  H W A L L ( 1 0 0 0 )  
D I M E N S I O N  H ( 2 , 1 2 , 4 8 ) ,  U ( 2 , 1 2 , 4 8 ) ,  P H I ( 1 2 i 4 8 )  9 S I G M A ( 1 2 , 4 8 ) ,  

1 R C A P ( 1 2 ~ 4 8 ) g  V I S C ( 1 2 * 4 8 ) ,  R H O ( l Z t 4 8 ) g  R H O U ( 1 2 t 4 8 )  
C A L L  C R I S I S  ( Z Z g A A A t A M P S ,  N N N )  
C A L L  BOUMDC 
K = 3  
D I A  = D I A M ( K )  
L = l  
M = l  
z = 0.0 
C A L L  STATEP 
C A L L  WDOT 

CWF = EXX/WW 
DO 2 0  J Z l t N M E S H  

DO 1 8  I = 1 , 4 8  
1 8  U ( l t J , I )  = C W F N J ( 1 , J t I )  
2 0  CON T I N  U E  

C A L L  WDOT 
w = ww 
ZO = (W*311100) / 3 0 1 4 1 6  
D Z  = FZO*ZO 
C A L L  RHOAVE 
RHOA = RHOAV 

C A L L  OUTPT 
M - 2  
K = 2  
D I A  = D I A M ( K )  
OP = O I O  

C A L L  ENERGY 
C A L L  RHOAVE 
DP ~ W * W * ( R H O A V - R H O A ~ / ~ ~ ~ R H O ~ . * 3 ~ 1 4 1 6 * ~ I A * D I A ~ / 4 ~ 0 ~ * * 2 ~  
C A L L  I T E R  

C A L L  LOCATE ( N F I  L E  t N T A P E )  

P ( K )  = P ( K - 1 )  + DP 

Z = Z + D Z  
C A L L  STATEP 
C A L L  OUTPT 
DO 6 K = 3,NK 
D I A  = D I A M 1 K )  

I F ( D 2 - D Z M A X  1 4 0 , 4 2 9 4 2  
DZMAX = O ~ 2 * D I A * D I A ~ R H O U ~ 3 ~ 1 ~ ~ 2 O O ~ O / ~ F L O A T F ~ N M E S H ~ ~ F L O A T F ~ ~ ~ E S H ~ ~  

40 DZ = DZ*FX 



42 CONTINUE 
M = l  
L = L + l  
I F ( 3 - L )  1 9 1 b 2  

1 M = 2  
L = l  

2 CON T I N U E 
C A L L  ENERGY 
CALL  I T E R  
I F ( N C H 0 K E )  4 9 4 1 3  

GO TO 8 
3 WRITE OUTPUT TAPE 6 ,  2 0 2 #  K c  D W t U ( M I 1 ~ 1 )  

4 CON T I N  UE 
C A L L  STATEP 
Z = Z + D 2  
C A L L  OUTPT 

6 CONTINUE 
8 CONTINUE 

REWIND NTAPE 
REWIND 8 

202  FORMAT(1HOc 18HFLOW CHOKED AT K = # 149 l o x #  
1 ZOHFLOW RATE ERROR is I 2 P F 1 2 & 7 #  1 0 H  PERCENT * 
2 14 HCL V E L O C I T Y  3 * O P F l O a l c  8 H  M/SEC 1 

C A L L  E X I T  
END 



co 
0 

C H T O 7 5 1  V A L  WATSON S U B R O U T I N E  BOUNDC FOR H T 0 7 5 0  
S U B R O U T I N E  BOUNDC 
COMMON AMPS, W c  WW, DP, DZ, EPS, FZOc 29 Q, QRc DW# D I A I  EX9 E X X t  

1 H, P H I ,  S IGMA,  RCAP, RHO9 V I S C ,  H W A L L t  RHOAV, R H O U t  PHIW,  
1 P c  E c  D I A M ,  U, 
1 NMESH, K, Le Mc LOC, N F I L E ,  N T A P E c  NCHOKE, N K #  NNN 

D I M E N S I O N  D I A M ( 1 0 0 0 ) ~  P ( l O O O ) #  E ( 1 0 0 0 1 ,  H W A L L ( 1 0 0 0 1  
D I M E N S I O N  H ( 2 , 1 2 , 4 8 ) ,  U ( 2 9 1 2 , 4 8 ) ,  P H I ( 1 2 , 4 8 ) ,  S I G M A ( 1 2 t 4 8 ) e  

1 R C A P ( 1 2 , 4 8 ) ,  V I S C ( 1 2 t 4 8 ) c  R H 0 ( 1 2 e 4 8 1 #  R H O U ( 1 2 # 4 8 )  
C A L L  CR 1 S I S ( 22 9 A A A ) 
READ I N P U T  TAPE 5 9  999 NMESH, N F I L E ,  NTAPE, NK 

READ I N P U T  TAPE 5 9  100, C D I A c  AMPS, P ( 1 ) c  E X X B  CHWALLt  F Z O B  EPSgEX 
100 F O R M A T ( E l O a 3 )  

P ( 1 )  = P ( l ) * l r O l 3 E K  
DO 5 K = 1 9 N K  

D I A M ( K )  C D I A  
H W A L L I K )  = CHWALL 

9 9  F O R M A T ( 4 1 4 )  

5 C O N T I N U E  
N I  = 6 
DO 10 J = 1,NMESH 

DO 6 I = 1 c N I  
H ( 1 9 J t I )  = H W A L L ( 1 )  

6 U ( l t J t 1 )  = 1 O O a O  
F J  = J 
F N I  = N I  
IF ( ( F N I / F J ) - 4 r O )  8 9 8 ~ 1 0  

8 N I  = N I * 2  
1 0  C O N T I N U E  

READ I N P U T  TAPE 5, 102, N C D +  IJc I ,  H ( 1 9 J e I ) c  K = l t N C D  1 

RETURN 
END 

102 F O R M A T f I 4 / ( 2 1 4 , E l @ a 3 ) )  



81 



C H T 0 7 5 2  V A L  .WATSON S U B R O U T I N E  S T A T E P  FOR H T 0 7 5 0  
S U B R O U T I N E  S T A T E P  
COMMON AMPS, W 9  W W I  DP, DZ, EPS, FZO, 2 ,  Q c  Q R t  DWt D I A ,  EX, EXX, 

1 Hv P H I ,  SIGMA, RCAP, RHO, V I S C ,  HWALL, RHOAV, RHOUt  PHIW, 
1 P, E, D I A M ,  U, 
1 NMESH, K, Lc Ms LOC, N F I L E ,  N T A P E i  NCHOKE, N K t  NNN 

D I M E N S I O N  D I A M ( 1 0 0 @ ) ,  P ( 1 O O O ) t  E ( 1 0 0 0 ) t  H W A L L ( 1 0 0 0 1  
D I M E N S I O N  H ( 2 , 1 2 , 4 8 ) 9  U ( 2 * 1 2 , 4 8 ) ,  P H I ( 1 2 t 4 8 ) ~  S I G M A ( 1 2 * 4 8 ) #  

1 R C A P ( 1 2 + 4 8 ) ,  V I S C ( 1 2 , 4 8 ) ,  R H O ( 1 2 t 4 8 1 ,  R H O U ( 1 2 # 4 8 )  
C A L L  C R I S I S ( Z Z 9 A A A )  
QR = QRR 
P R E S = P ( K ) / l r O l 3 E S  
C A L L  N T A B ( P R E S 9  H W A L L ( K ) ,  PHIW, SWc RW# V I S C ( N M E S H + l , l )  9 8, NERR) 
DR 

R 010 
J = l  
1 = 1  

D I A /  ( 2  I O*FLOATF ( NMESH) -11 0 1 
DRDR = DR*DR 

C A L L  NTAB(PRES.9 H ( M , J , I ) #  P H I ( J t I ) ,  S I G M A ( J t 1 I t  
1 R C A P ( J , I ) ,  V I S C ( J , I ) t  8, NERR) 

P H I ( l p 2 )  P H I ( l t l 1  
P H I ( 1 9 3 )  P H I ( 1 9 1 )  
V I S C ( l t 2 )  = V I S C ( 1 , l )  
VISC(1,J) = V I S C ( 1 , l )  
SS S I G M A ( J ~ I ) * ~ I ~ ~ ~ ~ * D R D R * O O ~ ~  
QRR= R C A P f J , I ) * 3 r l 4 1 6 * D R D R w 0 1 2 5  
N I  = 6 
DO 14 J = 2,NMESH 

R = R + D R  
DTH = 6 r 2 8 3 2 / F L O A T F ( N I )  
DA = R*DR*DTH 
DO 10 I = 1,NI  

C A L L  N T A B ( P ( K I 9  H ( M t J , I ) +  P H I ( J t 1 1 ,  S I G M A ( J t 1 l t  
1 R C A P ( J , I ) ,  V I S C ( J , I ) ,  8 +  NERR) 

SS = SS + S I G M A ( J i I ) * D A  
QRR= QRR+ R C A P ( J t I ) * D A  

10 CON T I NUE 
F J  = J 
F N I  = N I  

1 2  N I  = N I * 2  
14 C O N T I N U E  

E(KI = A M P S I S S  
Q R R = Q R R / ( 3 r 1 4 1 6 * D I A )  
I F ( N E R R )  22 9 2 2 ~ 2 0  

I F  ( ( F N I / F J )  - 4 r 0 )  1 2 b 1 2 t 1 4  

2 0  W R I T E  OUTPUT T A P E  6 ,  110, K 
22 C O N T I N U E  



110 FORMAT(1HOv 24HEXCEEDED TABLES AT K = 9 14)  
RETURN 
END 

OJ w 



C H T 0 7 5 3  V A L  WATSON SUBROUTINE WDOT FOR H T 0 7 5 0  
SUBROUTINE WDOT 
COMMON AMPS, b l ,  WWt DP, DZ, EPS, F Z O t  Z, Q f i  Q R t  DW, D I A t  EX, E X X t  

1 H, P H I 9  SIGMA, RCAP, RHO# V I S C t  HWALL, RHOAVt RHOUt  P H I W f i  
1 P, E t  D I A M ,  Uv 
1 NMESHt K t  L t  M t  L O C t  N F I L E t  N T A P E t  NCHOKE# N K t  NNN 

D I M E N S I O N  D I A M ( 1 0 0 0 ) g  P ( 1 0 O O ) t  E ( 1 0 0 0 ) s  H I d . A L L ( 1 0 0 0 )  
D I M E N S I O N  H ( Z 9 1 2 9 4 8 ) t  U ( 2 t 1 2 t 4 8 ) ~  P H I ( L 2 t 4 8 1  + S I G M A ( 1 2 t 4 8 1 f i  

1 R C A P ( 1 2 , 4 8 ) ,  V I S C ( 1 2 ~ 4 8 ) t  R H 0 ( 1 2 t 4 8 ) ,  R H O U ( 1 2 f i 4 8 )  
C A L L  C R I S I S ( Z Z 9 A A A )  
OR = DIA//2rO*FLOATFINMESH)-laO) 

R = 060 
J = l  
f = l  
P R E S = P ( K ) / l r 0 1 3 E 5  

DRDR = DR*DR 

C A L L  N R H O ( P R E S t  H ( M t J t I ) ,  R H O ( J t I ) t  8 9  NERR) 
R H O U ( J t 1 )  = R H O ( J t I ) + U ( M t J f i I )  

W W  RHOU(JtI)*3rl416*DRDR*Oa25 
N I  = 6 
DO 14 J = 2 t N M E S H  

R = R + D R  
DTH f 6 r 2 8 3 2 / F L O A T F ( N I )  
DA = R+DR*OTH 
DO 10 I : 1 t N I  

C A L L  N R H O ( P R E S t  H ( M t J t I ) ,  RHO 
RH0.U ( J # I 1 = RHO ( J t I *U ( M t J # I 
W W  f W W  + R H O U ( J t I ! * D A  

10 CON f I NUE 
F J  = J 
E N 1  = N I  

I F  ( ( F N I / F J )  - 4.01 1 2 t 1 2 t 1 4  
1 2  N I  = N I * Z  
14 CONTINUE 

I F (  NERR 1 2 2  t 2 2 9  2 0  
20 W R I T E  OUTPUT TAPE 69 1109 K 
2 2  CONTINUE 

J,I1, 8f i  NERR 

110 F O R M A T f l H O ,  24HEXCEEDED T A B L E S  AT K = 9 141 
RETURN 
END 



C H T 0 7 5 4  V A L  WATSON SUBOUTINE RHOAVE FOR H T 0 7 5 0  
SUBROUTINE RHOAVE 
COMMON AMPS, W, WW,  DP, DZ, E P S t  F Z O t  29 Q t  QR, DWt D f A t  E X t  E X X t  

1 H9 P H I 9  S I G M A 9  RCAP, RHO9 V I S C t  H’dALLt RHOAV, RHOUt P H I V t  
1 P, E t  D I A M 9  U P  
1 NMESH, K, Lc M c  LOC, N F I L E ,  NTAPE9 NCHOKEt N K t  NNN 

D I M E N S I O N  D I A M ( 1 0 0 0 ) 9  P ( l O O O ) #  E ( 1 0 0 0 ) #  H W A L L ( 1 0 0 0 )  
D I M E N S I O N  H ( 2 9 1 2 t 4 8 ) ~  U ( 2 , 1 2 t 4 8 ) t  P H I ( 1 2 t 4 e ) g  S I G M A ( 1 2 9 4 8 ) t  

1 R C A P ( 1 2 , 4 8 ) ,  V I S C ( 1 2 , 4 8 ) t  R H O ( 1 2 t 4 8 ) t  R H O U ( 1 2 t 4 e )  
C A L L  C R I S I S ( 2 Z t A A A )  
DR D I A / ( 2 a O + F L O A T F ( N M E S H ) - l r O )  

R = O a O  
J = l  
1 = 1  
P R E S = P ( K ) / l a 0 1 3 E S  

RHOAV = 3t1416*DRDR*Oa25*RHO(J,I 1 

DRDR = DR+DR 

C A L L  NRHO(PRES9 H ( M t J 9 I ) b  R H O ( J t 1 ) t  8, NERR) 

N I  = 6 
DO 14 J = 2,NMESH 

R = R + D R  
DTH 3 6 a 2 8 3 2 / F L O A T F ( N I )  
DA = R*DR*DTH 
DO 10 I = 1 t N I  

C A L L  NRHO(PRES9 l i I M t J 9 1 ) ~  R H O ( J t I ) t  8, NERR) 
RHOAV f RHOAV + D A * R H O ( J t I )  

10 CONT I NUE 

F N I  = NI 
F J  = J 

I F  ( ( F N I / F J )  - 4 a O )  1 2 , 1 2 9 1 4  
1 2  N I  = N I * 2  
14 CONTINUE 

RHOAV = RHOAV/(3rl416*DIA*DIA*Oa25) 
I F (  NERR) 2 2  9 2 2 9 2 0  

2 0  W R I T E  OUTPUT TAPE 6 ,  1101 K 
2 2  CONTINUE 

RETURN 
END 

110 F O R M A T ( l H 0 ,  24HEXCEEDED TABLES AT K f 9 1 4 1  



C H T 0 7 5 5  V A L  WATSON S U B R O U T I N E  ENERGY FOR H T 0 7 5 0  
S U B R O U T I N E  ENERGY 
COMMON AMPS, W, W W ,  DP, DZ, EPS, FZO, 2 ,  Q c  Q R s  DW, D I A ,  EX, E X X t  

1 H c  P H I ,  S IGMA,  RCAP, RHO, V I S C ,  HWALL, RHOAV, RHOU, PHIW, 
1 P c  E c  D I A M ,  U c  
1 NMESH, K, L, M, LOC, N F I L E i  N T A P E t  NCHOKE, NKb NNN 

D I M E N S I O N  D I A P ( 1 0 0 0 ) r  P ( 1 0 0 0 ) ~  E ( 1 @ 0 @ ) ,  H W A L L 1 1 0 0 0 )  
D I M E N S I O N  H ( 2 9 1 2 9 4 8 )  9 U ( 2 9 1 2 , 4 8 ) 9  P H I ( 1 2 t 4 8 ) #  S I G M A ( 1 2 , 4 8 ) 9  

1 R C A P ( 1 2 , 4 8 ) ,  V I S C ( 1 2 , 4 8 ) 9  R H 0 ( 1 2 9 4 8 ) ,  R H O U ( 1 2 # 4 8 )  
C A L L  C R I S I S ( Z Z 9 A A A )  
Q 0 0 0  
1 = 1  
J - 1  
DR D I A / ( ~ B O * F L O A T F ( N M E S H ) - ~ I O )  
DRDR = DR*DR 
R = 010 
DZRU = Di!/Rt-IOU( J # I) 
C L  ( 6 0 0 * P H I ( 1 , 1 )  - P H I ( 2 9 1 )  - P H I ( 2 9 2 )  - P H I ( 2 9 3 )  - P H l ( 2 9 4 )  

RL = RCAP 1 1 + 1 ) 
OH = (E(K-1)*E(K-l)*SIGMA(J,I)~ 
H ( M s J 9 I )  = H ( L , J , I )  + ( D P / R H O ( J , I ) )  

I C C  = 1 
N I  6 
DO 40 J = 2 t N M E S H  

1 - P H I ( 2 t 5 )  .. P H 1 ( 2 , 6 ) ) / ( 6 0 0 * 0 0 2 5  *DRDR) 

1 +DZRU*(OH -CL - R L )  

FJ J 
F N I  = N I  
I F  ( ( F N I / F J ) - 4 r @ )  1,193 

1 I C  = 1 
3 CONTINUE 

RDR = R*DR 
R = R + D R  

DTH = 6 r 2 8 3 2 / F L O A T F ( N I l  
DA = R*DR*DTH 
RDTH2 = R*R*DTH*DTH 
DO 30 I = 1 , N I  

I P  = I 
I M  = I 
I P P  = I + 1 
I M M  = I - 1 
I F ( 1 - 1 )  2 ~ 2 t 4  

2 I M Y  = N I  
4 I F ( N 1  - I) 6 9 6 9 8  
6 I P P  = 1 
8 I F ( I C )  1 2 9 1 2 9 1 0  

10  I P  = 2 * 1  



1 2  
14 
16 

I F ( 1 C C )  16916914 

CONTINUE 
DZRU = D Z / R H O U ( J , I )  
P H I 0  = P H I ( J 9 I )  
P H I P  = P H I ( J + l , I P  1 
P H I M  = P H I ( J - 1 9 I M  ) 
P H I P P  = P H I ( J t 1 P P )  

I F ( N M E S H - J )  2 0 9 2 0 9 2 2  
2 0  P H I P  2aO*PHIW - P H I ( J t 1 )  

I M  = ( I + 1 ) / 2  

PHIMM P H I ( J t I M M )  

SLOPE = ( P H I W  - P H I P ) * 2 t O / D R  
I F  (Q-SLOPE)  2 1 9 2 2 9 2 2  

2 1  Q = SLOPE 
2 2  CONTINUE 

C L  = 0.0 .. ( ( P H I P - P H I M ) / ( 2 r O * R D R )  
1 + (PHIP-2tO+PHIO+PHIM)/DRDR 
1 + ( P H I P P - 2 t O + k P H I O + P H I M M ) / W D T H 2 )  

RL R C A P ( J t 1 )  
OH = ( E ( K - l ) ~ E ( K - l ) + S I G M A ( J t f ) )  
H ( M 9 J w I )  = H ( L 9 J v I )  + ( D P / R H O ( J , I ) )  

1 + DZRU*(OH - C L  - R L )  
3 0  CONTINUE 

I C C  = 0 
I F (  IC) 4 0 t 4 0 9 3 2  

I C  = 0 
N f  = 2 * N I  

3 2  I C C  = 1 

40 CONTINUE 
RETURN 
END 



C H T 0 7 5 6  V A L  WATSON SUBROUTINE MOM FOR H T 0 7 5 0  
S U B R O U T I N E  FrOM 
COMMON AMPS, \rl, WW,  DP, DZ, EPS, FZO, 2 ,  Q, QRI DW, D I A ,  EX, EXX, 

1 H, P H I ,  SIGMA, RCAP, RHO, V I S C ,  HWALL, RHOAV, RHOU, PHIW, 
1 P, E, D I A M I  UI 
1 NMESH, K c  L, MI LOC, N F I L E ,  NTAPE, NCHOKE, NK, NNN 

D I M E N S I O N  D I A M ( 1 0 0 0 1 ,  P ( 1 0 0 0 ) 1  E ( 1 0 0 0 ) 1  H W A L L ( 1 0 0 0 )  
D I M E N S I O N  H ( 2 , 1 2 , 4 8 ) 9  U ( 2 , 1 2 , 4 8 ) 9  P H I ( 1 2 ~ 4 8 ) ,  S I G M A ( 1 2 , 4 8 ) ,  

1 R C A P f 1 2 , 4 8 ) ,  V I S C ( 1 2 , 4 8 ) ,  R H 0 1 1 2 , 4 8 ) ,  R H O U ( 1 2 r 4 8 ) , R R O U ( 1 2 r 4 8 )  
C A L L  C R I S I S  ( Z Z t A A A )  
I F  ( N N N )  9 9 9 9 9 , 1 0 2  

99 IF (NMESH - 71 2 0 0 t 2 0 1 t 2 0 1  
200 N I  = 2 4  

2 0 1  N I  = 4 8  
2 0 2  C O N T I N U E  

GO TO 202 

DO 1 0 1  J = l * N M E S H  
DO 100 I = l t N I  

R R O U ( J t I 1  = R H O U ( J t 1 )  
100 CONTINUE. 
101 C O N T I N U E  
1 0 2  C O N T I N U E  

1 = 1  
J = l  
DR = DIA/(2oO*FLOATF(NMESH)-lrO) 
DRDR = DR*DR 
R 3 010 
DZRU = D t /  F ? R O U ( J , I )  
VL = V I S C ( J , 1 ) ~ ( 6 * O K U ( L r l , l )  U ( L t 2 t S )  - U ( L t 2 t 2 )  - U ( L j 2 t 3 )  - 
U ( M , J , I )  = U ( L * J , I )  - ( D P / E R O U ( J t I ) )  - DZRU*VL 
U ( M s l t 2 )  = U ( M t l t 1 )  
U ( M 1 1 9 3 )  = U ( Y , 1 , 1 )  
I C C  = 1 
N I  = 6 
DO 40 J = 2,NMESH 

1 U ( L , 2 , 4 )  .. U ( L , 2 , 5 )  -U(LtZt6)1/(6rO*3r1416*DRDR) 

F J  = J 
F N I  N I  

I F ( ( F N I / F J )  -410) 1 1 1 9 3  
1 I C  = 1 
3 CON T I N U E  

RDR = R+DR 
R = R + D R  

DTH = 6 0 2 8 3 2 / F L O A T F ( N I )  
DA = R*DR+DTH 
RDTHZ = R+R*DTH*DTH 
DO 3 0  I = 1 , N I  



2 
4 
6 
8 

10 
1 2  
14 
16 

IP = I 
I M  = I 
IPP = I + 1 
IMM = I - 1 
IF(1-1) 2 ~ 2 t 4  

IMM = NI 
IF(N1 - I) 6 ~ 6 ~ 8  

IPP 1 
IF(IC) 1 2 ~ 1 2 ~ 1 0  

IP = 2*I  
IFIICC) 1 6 ~ 1 6 ~ 1 4  

IM = (I+1)/2 
CONTINUE 
DZRU = DZ/RROU(JtI) 
UO = UILBJBI) 
UP = U(LBJ+l,IP) 
UM = U(LtJ-1BIM) 
UPP = ~ ( L B J B I P P )  
UMM = U(LvJt1MM) 

VO = VISC(J,I) 
VP = VISC(J+l,IP) 
VM VISC(J-ltIM) 
VPP VISC(J1IPP) 
VMM = VISC( J B IMM 1 

I F (NMESH-J) 20920 ~ 2 2  
20 UP = 010 - U(LtJt1) 
2 2  CONTINUE 

VP = VISC(NMESH+l,l)*ZrO - VISC(Jt1) 
VL = (((R+DR/~.O)+((VP+VO)/~IOI*(UO-UP) + 

1 (R-DR/Z.O)*( (VO+VM)/2rO)*(UO-UMI) / (RDR*DRl 
2 + ((IVPP+V0)/2rO)*(UO-UPP) + ( ( V O + V M M ) / 2 r O ) * ( U O - U M M ) )  
3 / (RDTHZ 1 ) 

U(MSJBI) = U(L,JBI) - (DP/RROU(Jtf)) - DZRU*VL 
30 CON T I N UE 

ICC = 0 
IF( IC) 40t40t32 

IC = 0 
NI = 2*NI 

3 2  ICC = 1 

40 CONTINUE 
RETURN 
END 



C H T 0 7 5 7  V A L  WATSON SUBROUTINE I T E R  FOR H T 0 7 5 0  
SURROUTI  NE I T E R  
COMMON AMPS, W, WW, DP, DZ, EPS, FZO, Z9 Q c  QR, DbJc D I A c  EX, E X X s  

1 H, P H I ,  S IGMA,  RCAPc RHO, V I S C ,  HWALL, RHOAV, RHOU, PHIW, 
1 P, E,  D IAM,  U, 
1 NMESH, K, L, M c  LOC9 N F I L E ,  NTAPE,  NCHOKE, N K o  NNN 

D I M E N S I O N  D I A M ( 1 0 0 0 ) #  P f 1 0 0 0 1 #  E f 1 0 0 0 ) #  H W A L L ( 1 0 0 0 )  
D I M E N S I O N  H ( 2 9 1 2 , 4 8 ) #  U ( 2 , 1 2 e 4 8 ) ,  P H I ( 1 2 ~ 4 8 ) t  S I G M A ( 1 2 , 4 8 ) #  

1 R C A P f 1 2 9 4 8 ) g  V I S C f 1 2 , 4 8 ) ,  R H 0 ( 1 2 , 4 8 ) ,  R H O U f 1 2 9 4 8 )  
C A L L  C R I S I S ( Z 2 c A A A )  
I N D  = 0 
NCHOKE = 0 
DDP = DP 
P ( K )  = P ( K - 1 )  + DP 
LOC = 0 
NNN f 0 
DO 4 N = 1b30 

LOC = N 
C A L L  MOM 

C A L L  WDOT 
DW = ( W W  - W ) / W  
I F ( A B S F ( D W )  - E P S I  1 0 t 2 0 ~ 2 0  

20  I F t I N D )  2 2 9 2 2 t l  

2 2  I F ( D W I  2,1093 

NNN = 1 

1 DDP = D D P / 2 e O  

2 DP = DP + DDP 
P I K )  P ( K - 1 1  + DP 
GO TO 4 

P f K )  = P ( K - 1 )  + DP 
I N D  = 1 

3 DP DP - DDP 

4 CONTINUE 

1 0  C O N T I N U E  
RETURN 
END 

NCHOKE = 1 



“7 



C H T 0 7 5 8  V A L  WATSON SUBROUTINE OUTPT FOR H T 0 7 5 0  
SUSROUTINE OUTPT 
COMMON AMPS, W c  WW, DP9 DZ9 EPS, FZOc 2, Q c  Q R ,  DW, D I A ,  EX, EXX, 

1 H9 P H I ,  SIGFIA, RCAP, RHO, V I S C ,  HWALLt  RHOAV, RHOU, PHIWI 
1 P +  E, DIAM,  U, 
1 NMESH, K,  L, M 9  LOC, N F I L E ,  NTAPE, NCHOKE, NK, NNN 

D I M E N S I O N  D I A M ( 1 0 0 C I s  P ( 1 o o O ) c  E~1000lr HMALL(I000) 
D I M E N S I O N  H ( 2 , 1 2 + 4 a ) ~  U ( 2 9 1 2 9 4 8 ) r  P H I ( 1 2 9 4 8 ) ~  S I G M A ( l 2 , 4 8 ) 9  

1 R C A P ( l . 2 9 4 8 1 ,  V I S C ( 1 2 9 4 8 ) ,  R H O ( l Z t 4 8 1 ~  R H O U ( 1 2 9 4 8 )  
C A L L  C R I S I S  ( Z I 9 A A A )  
Q T  = Q+Q? 
PRAD = QR/QT *10010 
W R I T E  TAPE NTAPE,  KI D I A M ( K ) #  2 1  AMPS, E ( K ) s  WsQT,HWALL(K) 

I F  (NMESH - 7) 1 1 9 1 2 9 1 2  
1 tPRAD9 NMESH, P 1 K )  , F Z O P L O C , E P S ~ D W *  DP, DZ 

11 N I  = 2 4  

1 2  V I  = 4 8  
GO TO 13 

1 J = l , N M E S H )  
END F I L F  NTAPE 
WRITE OUTPUT TAPE 6 t 3 0 O ~ K c  D I A M I K )  #Z#AMPS,Ef K )  # W  ,Q'f,HWALL f K )  
P ( Y )  = P ( K ) / l r 0 1 3 E 5  
W R I T E  OUTPUT TAPE 6,299,PRADcNMESH~P(K)~FZO~LOC~EPS~DW~EX#NFILE 
PfKI = P ( K I " l r O 1 3 E 5  
WRITE OUTRJT TAPE 6 9 3 0 1 t H ( M e l , l 1  
N I  = 6 

W R I T E  OUT?UT TAPF 6 , 3 0 2 e ( H f V , J t I )  , I  = 1 , N I )  
DO 2 J = 2 ,PJMESH 

F J  = J 
F N I  = N I  

I F  ( ( F N I / F J )  -4.0) 1 9 1 9 2  
1 N I  = 2 * N I  
2 CONTINUE 

WRITE OUTPUT TAPE 6 9 3 0 1 9  R H O U f 1 , l )  
YI = 6 
DO 4 J = Z9NMESH 
WRITE OUTPUT TAPE 6 1 3 0 2 ,  I R H O U I J t I ) ,  I = l , N I )  

F J  = J 
F N I  = N I  

I F ( f F N I / F J )  -4.0) 3 , 3 9 4  
3 N I  = 2 * N I  
4 CONTIRUE 

3 0 0  F O R M A T ( l H 1 ,  
1 1 5 H K  = * I4 I 16x9 
3 5OH DC THERMAL A R C  W I T H  A X I A L  GAS FLOW 



2 15 HD I AME T E R - - 
1 1 x 9  1 5 H A X I A L  D I S T  = 
2 5 0 x 9  15HCURRENT - - 
1 1 X e  15HVOLTAGE GRAD = 
2 5 0 x 9  l 5 H F L O K  RATE - - 
2 1 x 9  15HWALL HEAT FLUX= 
2 3 8 x 9  l 5 H W A L L  ENTHALPY = 

2 1 5 H R A D I A T I O N  LOSS= 
2 5 0 x 9  15HNMESH - - 
2 1 x 9  15HPRESSURE a 
2 5 0 x 9  l 5 H F Z O  - 
2 1 x 9  l 5 H L O C  
2 5 0 x 9  15HEPS - 
2 1 x 9  15HDW 
2 5 0 x 9  l 5 H E X  - - 
2 1x9  1 5 H F I L E  - - 

299 F O R M A T ( 1 H  9 

- - 
- 

301 FORMAT( lHO9 E 1 2 r 3 )  
302 FORMAT(1HOt  ( 6 E 1 2 * 3 / 1 )  

N F I L E  = N F I L E  +1 
RETURN 
END 

I E 1 0 1 3 3  1 0 H  METERS 
9 E 1 0 1 3 9  1 0 H  METERS 
9 E 1 0 1 3 9  1 0 H  AMPS 
9 E 1 0 1 3 t  1 0 H  VOLTS/M 
9 E 1 0 1 3 9  l O H  KG/SEC 
9 E 1 0 1 3 9  2 2 H  W/M**2 
9 E10.3, 1 0 H  J / K G  

t F 1 0 1 3 9  1 0 H  PERCENT 
9 I 4  / 
9 E 1 0 1 3 9  1 0 H  ATMOS 
9 E 1 0 1 3  / 
9 149 1 6 x 9  
9 E 1 0 1 3  / 
t E 1 0 1 3 , l O X  
9 E l 0 1 3  / 
9 1 4 )  

1 

/ 

/ 
PREV STA 

I 

9 

9 

t 

9 

v3 
W 



C H T 0 7 8 0  V A L  WATSON DC ARC - SUPERSONIC C O N T I N U A T I O N  - R E A L  GAS 
COMMON AMPS, WI W W ,  DP, DZ, EPS, FZO, 2 ,  Q c  QRv DW, D I A ,  EX, EXX, 

1 Hc P H I ,  SIGMA, RCAP, RHO, V I S C ,  HWALL, RHOAV, RHOUt  PHIW, 
1 P, E, D I A M ,  Uc 
1 NMESH, K, Ls 14, LOC, N F I L E ,  NTAPE,  NCHOKE, NK, NNN 

D I M E N S I O N  D I A M ( 1 0 0 0 ) v  P ( l O O O ) #  E ( 1 0 0 0 ) #  H W A L L ( 1 0 0 0 )  
D I M E N S I O N  H ( 2 v 1 2 9 4 8 ) ~  U ( 2 , 1 2 r 4 8 ) 9  P H I ( 1 2 t 4 8 1 ,  S I G M A ( 1 2 t 4 8 ) v  

1 R C A P ( 1 2 9 4 8 ) ~  V I S C ( 1 2 , 4 8 ) ,  R H 0 ( 1 2 , 4 8 ) ,  R H O U ( 1 2 v 4 8 )  
C A L L  C R I S I S  ( Z Z t A A A * A M P S ,  N N N )  
M = l  
L = 2  
READ I N P U T  TAPE 5 , 1 0 O , N F I L E l ,  NTAPE1,  N F I L E ,  NTAPE, KMAX, K I N C  

READ I N P U T  TAPE 5 , 1 0 1 9  EX, ZC, THETA 

THETAR = T H E T A * 2 r 0 * 3 r 1 4 1 6 / 3 6 0 r O  
C A L L  L O C A T E ( N F I L E 1 ,  N T A P E 1 )  
READ TAPE N T A P E l t  K c  D I A M ( 2 ) (  2, AMPS, E ( 2 ) 9  W , Q X $ H W A L L ( Z I  

READ TAPE N T A P E l v N I ,  ( ( H ( M , J * I ) *  U ( M , J * I ) #  RHOU( J t I ) ,  I = l t N I ) g  

P ( 1 )  = P 1 2 )  - DP 
DO 11 K = 3 tKMAX 

100 FORMAT ( 2 1 * / 4 1 4 )  

101  FORMAT ( E 1 0 1 3 1  

1 + P X  J NMESH, P L Z I ~ E L O J L O C ~ E P S ~ D U J  DPI D Z  

1 J= l  ,NMESH) 

11 HWALL ( K )  = H W A L L ( 2 )  
K = 2  

D I A  = D I A M ( 2 )  
C A L L  RHOAVE 

C A L L  S T A T E P  
QR Q X * P X / l O O r O  
Q = Q X  - QR 
C A L L  L d C A T E  ( N F I L E 9 N T A P E I  
C A L L  OUTPT 
DO 6 K = 3 ,KMAX 

DZ = EX +DZ 
z = z +  DZ 

I F (  2-ZC) 50 9 5 0 9  5 1  
5 0  D I A M I K )  = D I A M ( 2 )  

GO TO 5 2  
5 1  D I A M ( K )  : D I A M ( 2 )  + 2 r O + ( Z = Z C ) * T A N F ( T H E T A R )  
5 2  C O N T I N U E  

D I A  = D I A M ( K 1  
M = l  
L = L + 1  
I F ( 3 - L )  l t l t 2  

1 M = 2  
L = 1  

2 CON f I NUE 



I 

C A L L  ENERGY 
I F  I 2-ZC) 60 9 60 961 

60 C A L L  I T E R  
GO TO 62 

6 1  C A L L  I T E R S  
6 2  CONTINUE 

I F ( N C H 0 K E )  4 , 4 9 3  

GO TO 8 
3 WRITE OUTPUT TAPE 69 2 0 2 9  K *  DW, U(M,2,2) 

4 CON T I NUE 
C A L L  STATEP 
NN = NN - 1 
I F ( " )  5,596 

C A L L  OUTPT 
5 NN f K I N C  

6 CONTINUE 
8 CONTINUE 

REWIND N T A P E l  
REWIND NTAPE 
REWIND 8 

202 FORMAT( lHO9 18HFLOW CHOKED AT K = B 1 4 ,  10x9 
1 ZOHFLOW RATE ERROR I S  9 2 P F 1 2 8 7 9  1 0 H  PERCENT 9 

2 14 H C L  V E L O C I T Y  = , O P F l O a l *  8H F T / S E C  1 
C A L L  E X I T  
END 



CHT0781 V A L  WATSON SUBROUTINE I T E R S  FOR H T 0 7 8 0  
SUBROUTINE I T E R S  

COMMON AMPS9 W, W W c  DPc DZc EPSc FZOc  2 1  Q c  Q R t  DW, D I A c  EXc EXXc  
1 H, P H I 9  S I G M A +  RCAPc RHO# V I S C c  HWALL1  RHOAV, RHOUc PHIW, 
1 Pc E c  D I A M c  Uc 
1 NMESH, K c  Le Me LOCc N F I L E ,  NTAPEc  NCHOKEc NKc NNN 

D I M E N S I O N  D I A M ( 1 0 0 1 9  P ( 1 0 0 1 +  E ( 1 0 0 1 ,  H W A L L ( 1 0 0 )  
D I M E N S I O N  H ( 2 c 1 2 , 4 8 ) c  U 1 2 * 1 2 , 4 8 ) c  P H I ( 1 2 t 4 8 ) ,  SICMA(12e48)t 

1 R C A P ( 1 2 c 4 8 ) c  V I S C ( 1 2 , 4 8 ) c  R H 0 ( 1 2 ~ 4 8 ) *  R H O U ( 1 2 , 4 8 )  
IN0 = 0 
CALL C R I S I S ( Z Z c A A A 1  
NCHOKE = 0 
DDP = DP 
P ( K I  = P ( K - 1 )  + DP 
LOC = 0 
NNN =. 0 
DO 4 N = l e 3 0  

LOC = N 
C A L L  MOM 

C A L L  WDOT 
DW = I W W  - W ) / W  
I F ( A B S F ( D W )  - E P S I  10~20e20 

2 0  I F ( I N D )  2 2 1 2 2 t l  

2 2  I F ( D W )  3110e2 

NNN = 1 

1 DDP = D D P / 2 r O  

2 DP = DP + DDP 
P / K )  P ( K - 1 )  + DP 
GO TO 4 

P I K )  = PIK-1) + DP 
I N D  = 1 

3 DP = DP - DDP 

4 CONTINUE 

10 CONTINUE 
RETURN 
END 

NCHOKE = 1 



APPENDIX D 

~ R T F W I  PROGRAM TO EVALUATE GAS PROPERTIES USING PREPARED TABLES STORED 

ON A MAG$ECIC TAPE 

These programs move prepared gas t a b l e s  from a magnetic t ape  t o  t h e  core  
s torage  and make in t e rpo la t ions  ( e i t h e r  logarithmic or l i n e a r )  from t h e  t a b l e s  
t o  obta in  t h e  gas dens i ty ,  thermal conduct ivi ty  p o t e n t i a l ,  e l e c t r i c a l  conduc- 
t i v i t y ,  radiance,  and v i s c o s i t y  from known values of enthalpy and pressure.  

The input for t hese  programs i s  t h e  magnetic t a p e  prepared by t h e  
program i n  appendix E. 
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C H T 0 7 6 7  V A L  WATSON SUBROUTINE FOR A I R  TABLES - I N P U T  ENTHALPY AND P 
SUBROUTINE NTAB ( P ,  H t  P H I ,  SIGMA, RCAP, V I S C p  NTAPE, NERR) 
D I M E N S I O N  P H I T ( 2 9 3 0 0 ) ~  S I G M A T ( 2 , 3 0 0 ) 9  R C A P T ( 2 t 3 0 0 ) s  V I S C T ( 2 t 3 0 0 1  
C A L L  C R I S I S  ( Z Z , P H I T l  
I F  ( I N )  1 9 1 9 2  

1 CALL LOCATE ( 2 t M T A P E )  
READ TAPE NTAPE,  ( ( S I G M A T ( 1 r J ) v  J = l v 2 8 1 ) 9  1 = 1 1 2 ) 1  

1 ( (  P H I T ( I 9 J ) r  J = l t 2 8 1 ) 9  1 = 1 , 2 )  9 

1 I (  R C A P T ( I 9 J ) g  J = l t 2 8 1 ) ,  1 = 1 1 2 )  fi 
1 ( (  V I S C T ( I # J ) +  J = 1 , 2 8 1 ) ~  1 = 1 ~ 2 )  

REWIND MTAPE 
I N  = 1 

2 NERR = 0 
I F  ( 2 r O E 9 - H  ) 3 9 4 1 4  

3 NERR = 1 
GO TO 10 

4 I F  ( H  - 2 0 0 E 7 )  5 , 5 9 6 0  
5 I 3 X I N T F ( H / 2 r O E + 5 )  + 1 

HH ( H / 2 r O E + 5 )  - F L O A T F (  1-11 
GO TO 7 

6 0  I F  ( H - 2 r O E 8 )  6 1 , 6 1 9 6 2  
6 1  I = X I N T F ( H / 2 r O E + 6 1  +91  

HH = ( H / 2 r O E + 6 )  - F L O A T F ( 1 -  9 1 )  
GO TO 7 

HH = ( H / 2 t O E + 7 )  - F L O A T F ( 1 - 1 8 1 1  
62 I = X I N T F ( H / 2 r O E + 7 )  + 1 8 1  

7 P 1  = P H I t f Z p I )  + P H I T ( l f i I + l )  - P H I T I l , I ) ) * H H  
P 2  P H I T ( 2 , I )  + ( P H I T ( 2 1 1 + 1 )  - P H I T ( 2 , I ) ) * H H  
S1 = S I G M A T ( 1 v I )  + ( S I G M A T l l t I + l )  - S I G M A T ( l r I ) l * H H  
S 2  = S I G M A T ( 2 v I )  + ( S I G M A T ( 2 v I + l )  - S I G M A T ( 2 , I I l * H W  
R 1  = R C A P T ( l 9 1 )  + ( R C A P T ( l , I + l )  - R C A P T ( l t I I I * H H  
R 2  = R C A P T ( 2 9 I )  + ( R C A P T ( 2 9 1 + 1 )  - R C A P T ( 2 , 1 ) 1 * H H  
V 1  = V I S C T ( 1 9 1 )  + ( V I S C T ( l t I + l )  - V I S C T ( l t I ) l * H H  
V 2  = V I S C T ( 2 p I )  + ( V I S C T ( 2 t I + 1 )  - V I S C T ( Z , I ) ) * H H  
PP = L O G F ( P  ) / 2 0 3 0 2 6  
P H I  = P 1  + ( P 2  - P l ) + P P  
SIGMA = E X P F ( S 1  + ( S 2  - S l ) * P P )  
RCAP = E X P F l R l  + ( R 2  - R l ) * P P )  
V I S C  = v 1  + ( V 2  - V l ) * P P  

1 0  RETURN 
END 



CHTO768 VAL WATSON SUBROUTINE FOR A I R  D E N S I T Y  TABLE 
SUBROUTINE NRHO ( P e  He RHO, NTAPEe NERR) 
D I M E N S I O N  R H O T ( 2 v 3 0 0 )  
C A L L  C R I S I S  ( Z Z t R H O T l  
I F  ( I N )  1 , 1 9 2  

1 C A L L  LOCATE ( 1  t N T A P E )  
READ TAPE NTAPE, ( (  R H O T ( I , J ) g  J = l t 2 8 1 1 ,  I = l e 2 1  
REWIND NTAPE 
I N  = 1 

2 NERR = 0 
I F  ( 2 r O E 9 - H  3 t 4 t 4  

3 NERR = 1 
GO TO 10  

4 I F  ( H  - 2 r O E 7 )  5,5,60 
5 I = X I N T F ( H / 2 o O E + 5 )  + 1 

H H  = ( H / 2 r O E + 5 1  - F L O A T F ( 1 - 1 )  
GO TO 7 

60 I F  I H - 2 o O E 8 1  6 1 e 6 1 # 6 2  
6 1  I f X I N T F ( H / 2 r O E + 6 )  +91 

HH = ( H / 2 t O E + 6 )  - F L O A T F ( 1 -  911 
GO TO 7 

HH = ( H / 2 r O E + 7 )  - F L O A T F ( 1 - 1 8 1 )  
7 R H 1  = R H O T ( 1 # 1 )  + 1 R H O T I l , I + l )  - R H O T ( l # f f ) * H H  

RH2 = R H O T ( 2 , I )  + ( R H o T I Z B I + ~ )  - R H O T ( Z t I ) ) * H H  
P P  = L O C F ( P ) / Z r 3 0 2 6  
RHO = P / ( R H l  + ( R H 2  - R H l ) * P P )  

10 RETURN 
END 

6 2  I = X I N T F ( H / 2 r O E + 7 1  + 1 8 1  



P 
0 
0 

CHT0769 VAL WATSON SUBROUTINE FOR AIR TABLES - INPUT ENTHALPY AND P 
SUBROUTINE N T E M P ( P ~ H s S I G M A ~ N T A P E # N E R R I  
DIMENSION SIGMAT12t300) 

CALL CRISIS (ZZtSIGMAT) 
IF (IN) 1,192 

READ TAPE NTAPE, ((SIGMAT(I9JIs J=l~281)v 1=1,2) 
REWIND NTAPE 
I N  1 

2 NERR = 0 
I F  12rOE9-H ) 3,494 

3 NERR = 1 
GO TO 10 

1 CALL LOCATE( 3tNfAPE) 

4 IF (H - 2rOE7) 5,5,60 
5 I 2 XINTFfH/2rOE+5) + 1 

HH = (H/2rOE+51 - FLOATF(1-1) 
GO TO 7 

60 I F  (H-2rOE8) 61961962 
61 I = XINTFIH/2rOE+6) +91 

HH = (H/2,OE+6) - FLOATF(1- 911 
GO T O  7 

HH = (H/2rOE+7) - FLOATFfI-1811 
7 S1 = SIGMAT(191) + (SIGMATflrI+11 - SIGMAT(l#Il)*HH 

S2 = SIGMAT(29I) + (SIGMATf2tf+l) - SIGMAT(Z#I))*HH 
PPzLOGF ( P I  / 2r3026 
S I G M A  = (S1 + (52 - Sl)+PP) 

10 RETURN 
END 

62 I = XINTF(H/2tOE+71 +I81 



APPENDIX E 

FORTRAN P R O G M  FOR PREPARING GAS TABLES FOR USE IN THE PROGRAM 

I N  APPENDIX D 

This  program prepares t h e  magnetic t a p e  requi red  f o r  t h e  program i n  
Appendix D from any gas tables wherein t h e  gas proper t ies  are given i n  terms 
of any two state proper t ies .  The program f i t s  a third-order  polynomial curve 
between t h e  middle two poin ts  of each set of four  adjacent po in ts  of t h e  
input t a b l e s .  
ments of enthalpy to form t h e  t a b l e  t h a t  i s  put on magnetic tape  f o r  use with 
t h e  programs of appendix D. To check t h e  f i t t e d  curves, t h e  program p l o t s  
t h e  input da ta  (shown as c i r c l e s )  and t h e  f i t t e d  curves on t h e  same graph, 
as shown i n  f i g u r e  2. (When t h e  curve d i d  not go through t h e  symbols, t h e  
automatic p l o t t e r  w a s  out of adjustment; within t h e  program t h e  curve w a s  
forced through each poin t . )  

The gas p rope r t i e s  a r e  taken  from t h i s  curve i n  equal i nc re -  
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C H T 0 7 6 6  PEGOT GENERATES T A B L E S  AND PREPARES TAPE AND P L O T S  2 4 0 1  
D I M E N S I O N  H 1 ~ 1 0 0 ) ~ P ~ 1 0 ~ ~ P H I l ~ l 0 0 ) , S I G M A l ~ l O O ~ t R C A P l ~ l O O ~ t V I ~ C l ~ l O O H T O 7 6 f i  

H T 0 7 6 6  1) ,RHO1 ( 100) t H T E M P l (  100 1 
D I M E N S I O N  H A ~ 3 0 0 ~ ~ P H I A ~ 3 0 0 ~ ~ S I G M A A ~ 3 ~ ~ ~ t R ~ A P A ~ 3 O O ~ t ~ I S C A ~ 3 O O ~ t R H O A H T O 7 6 6  

3 ( 3 0 0 ) , T E M P A ( 3 0 0 )  t Y Y ~ 3 0 0 ) t R C A P L A ( 3 0 0 ) t R R H O A ~ 3 0 0 )  H T O 7 6 6  
D I M E N S I O N  H Z ( 1 0 0 )  ~ P H I 2 ~ l ~ O ~ ~ S I G M A 2 ~ 1 ~ ~ ~ t R C A P 2 ~ 1 0 O ~ t ~ I S C 2 ~ 1 0 0 ~  t R H 0 2 H T 0 7 6 6  
1 ~ 1 0 0 ) ~ H T E M P 2 ~ 1 0 0 ) t P T E M P l ~ l O ~ ) ~ P T E M P 2 ~ l @ O ~ t S ~ E M P l ~ l 0 O ~ t S T E M P 2 ~ l O O ~ ~ H T O 7 6 6  
P R T E M P l ( 1 0 0 )  t R T E M P 2  ( 100 t V T E M P l (  100 )  t V T E M P 2  ( 1 0 0 )  t O T E M P l (  100 1 t O T E M P 2 H T 0 7 6 6  

H T O 7 6 6  3 ( 1 0 0 )  
D I M E N S I O N  R H O T ( Z t 3 0 0 ) t  T E M P T ( 2 9 3 0 0 1 t  H T ( 2 t 3 0 0 )  
D I M E N S I O N  P H I T ( Z t 3 0 3 ) t  S I G M A T ( 2 t 3 0 0 ) o  R C A P T ( Z t 3 0 0 ) t  V f S C T ( 2 t J O O )  
C A L L  C R I S I S  ( t Z t H 1 )  

C A L L  LOCATE ( 1 ~ 8 1  
P I1 I = l r O  
P I  2 1 = l O e O  

P ( 3 )  = O r 5  
P ( 4 )  = 5r0 
P ( 5 )  = 5 0 r 0  
P 1 6 )  1 4 0  . 
W R I T E  OUTPUT T A P E  6 , 2 9 9  

2 9 9  FORMAT ( l H l t 5 X t  1 0 H  PAGE 1 
1.1 

C 

C A L L  GENTAB ( H 1  t H T E M P 1 t N X Y  1 H  t H . .  J TEMP.. t DXX t N t O t 2  t P H I A t  TEMPA t P t  
H T 0 7 6 6  
H T 0 7 6 6  

C A L L  G E N T A B ( S T E M P 1 t S I G M A l ~ N X Y 1 S ~ T E M P A t S I G M A A t D X X t N r O t 3 t P H I A t T E M P A t H T O 7 6 6  

C A L L  G E N T A B ( R T E M P ~ , R C A P ~ , N X Y ~ R , T E M P A ~ R C A P A ~ D X X ~ N ~ O ~ ~ ~ P H I A ~ T E M P A ~ P B H T O ~ ~ ~  
H T 0 7 6 6  

C A L L  GENTAB ( V T E M P 1  * V I S C l t N X Y  1 V t T E M P A t V I S C A t D X X  t N  ,092 t P H I A  t TEMPA t P v H T 0 7 6 6  
H T 0 7 6 6  
H T 0 7 6 6  
H T 0 7 6 6  

1 P t I )  

11) 

11) 
C A L L  GENTAB 
C A L L  GENTAB 
END F I L E  7 
GO TO 300 

3 0 1  W R I T E  OUTPU 

PTEMPl,PHIltNXYlP,TEMPAtYYtDXXtNtlt2tPHIAtTEMPAvPtI) 
O T E M P l  ,RHO1 t N X Y l O  #TEMPA t RHOA t D X X  t N  t 0  t 4 t P H I A  tTEMPA t P  t I 

T A F E  6 8 2 9 8  
H T 0 7 6 6  

298 FORMAT ( 1 H l t 5 X t  10H PAGE 2 ) 
C A L L  G E N T A B ~ H 2 t H T E M P 2 t N X Y 2 H t H A t T E M P A ~ O X X t N t O t 2 t P H I A t T E M P A t P t I l  H T 0 7 6 6  
C A L L  GENTAB ( S T E M P 2  9.5 I G M A 2  t N X Y 2 S  t TEMPA t S  ICMAA t O X X  r N  t o  $ 3  t PH I A t T E M P A t H T 0 7 6 6  

H T 0 7 6 6  1 P t I )  
C A L L  GENTAB ( R T E M P 2  tRCAP-2 t N X Y 2 R  t T E M P A t  R C A P A t  DXX t N  t o t 3  t P H I A  tTEMPA t P v H T 0 7 6 6  

H T 0 7 6 6  11) 
C A L L  GENTAB ( V T E M P Z i V I  SC2 vNXY2V t T E M P A t  V I S C A  t DXX tN  t o  t 2 t P H  I A  t TEMPA t P t H  T O 7 6 6  
11 1 H T 0 7 6 6  

C A L L  GENTAB ( P T E M P 2  t PH I 2 t N X Y 2 P  t TEMPA t YY t DXX t N t  1 t 2  ,PHI  A t  TEMPAvP t I 1 H T 0 7 6 6  
C A L L  G E N T A B ~ O T E M P 2 t R H 0 2 t N X Y 2 O t T E M P A ~ R H O A t D X X t N t O t 4 t P H I A t ~ E M P A t P t I ~ H T O 7 6 6  
END F I L E  7 

300 DO 3 2 0  J a l t N  H t 0 7 6 6  



P 
0 w 

H T ( I 9 J )  = H A ( J )  
T E M P T ( 1 , J )  = T E M P A ( J )  
R H O T l I t J )  = R H O A ( J )  
S I G M A T ( I v J 1  = S I G M A A ( J )  

’ R C A P T ( 1 t J )  = R C A P A ( J )  
V I S C T (  I tJ)  = V I S C A (  J) 

3 2 0  P H I T ( 1 t J )  = P H I A ( J )  
C 
C PREPARING VALUES FOR TAPE 

I=I+1 
I F ( I - 2 )  3019301,302 

END F I L E  8 
W R I T E  TAPE 8 9  ( ( S I G M A T ( I , J ) 9  J=l,  N ) B  I = 1 , 2 )  9 

1 ( (  P H I T ( I , J ) ,  J=l,  N 1,  I =1 ,2 )  9 

1 ( (  R C A P T ( I 9 J ) r  J= lc  N 1,  1=1 ,2 )  , 
1 ( 1  V I S C T ( I t J ) ,  J = l r  N 1, 1 = 1 9 2 )  

3 0 2  W R I T E  TAPE 8 , ( ( R H O T ( I t J ) , J = l , N ) , I n l t 2 )  

END F I L E  8 
WRITE TAPE 8 ,  ( ( T E M P T ( I , J ) g J = l ,  N ) # 1 = 1 # 2 )  

END F I L E  8 
REWIND 8 

100 FORMAT ( 5 E 1 2 r 5 / ( 5 E 1 2 r 5 ) )  
C 
C PRINTOUT AND PLOTS 
C 
C CHECK FOR ERROR IF OVERRUN TABLES 

NERRtNERR 
I F  (NERR)  60,60961 

6 1  WRITE OUTPUT TAPE 6 ,102  
GO TO 62 

60 W R I T E  OUTPUT TAPE 69 1 0 3  
6 2  NERR = 0 

HOM 2 r 5 E 6  
POM 1 8 0  
C A L L  NRHO(POMvHOM,RHOAg8,NERR) 
I F  ( N E R R I  70 ,70 t71  

70 W R I T E  OUTPUT TAPE 6 ,102  
GO TO 72 

7 1  WRITE OUTPUT TAPE 6 , 1 0 3  
7 2  NERR = 0 

C A L L  N T A B ( P O M ~ H O M B P H I A ~ S I G M A A # R C A P A ~ V I S C A ~ B , N E R R )  
I F  (NERR)  8 0 t 8 0 9 8 1  

80 WRITE OUTPUT TAPE 6 , 1 0 2  
GO. TO 90 

8 1  WRITE OUTPUT TAPE 6 ,103  
90 CONTINUE 

C 

H T 0 7 6 6  
H T 0 7 6 6  
H T 0 7 6 6  

H T 0 7 6 6  

H f 0 7 6 6  



1 0 2  FORMAT ( 1 H O g  3 0 H  ERROR S I G N A L  I N O P  
103 FORMAT (1.HOc 3 0 H  ERROR S I G N A L  OKAY 
4 0 5  READ I N P U T  TAPE 5 c 4 0 0 t J A M  
404 READ I N P U T  TAPE 5 c 4 0 0 t N O C  

READ I N P U T  T A P E  5 9 2 e X R A N G E  
2 FORMAT ( 2 E 1 0 1 3 )  

400 FORMAT (14 )  

403 I N  = O  
K A T H  = 1 

N P L O T  = 0 
DO 401 K = 2 ~ 6  

C A L L  N P L O T S f X N A M E , Y N A M E , X R A N C E I P I K ) , C O N V X , C O N V Y t S C A L E X ~ S C A L E Y ,  
1 N P L O T ~ I N ~ O R I G X ~ O R I G Y B C O N V L )  

I N 5 1  
401 N P L O T = l  
407 K A T H = K A T H + I  

NOCSNOC-1 
I F  ( N O C ) 4 0 2 1 4 0 2 e 4 0 3  

4 0 2  END F I L E  7 
J A M = J A M - l  

REWIND 8 
I F ( J A M I  4 0 5 t 4 0 5 t 4 0 4  

HT0766 
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C H T 0 7 8 5  PEGOT SUBROUTINE TO GENERATE T A B L E  VALUES 9 401 
S U B R O U T I N E  G E N T A B I X t Y C N X Y C X X C Y Y t D X X t N , N U M B I J U M B , P H I A C T E M P A g P C r l  
D I M E N S I O N  X I ~ ~ ~ ~ C Y I ~ ~ ~ ) C X X ~ ~ ~ ~ ) ~ Y Y ~ ~ O ~ ~ C P H ~ A ~ ~ O O ~ C T E M P A ~ ~ O O ~ C P ~ ~ O ~  

l o  HA ( 3 0 0  1 
C A L L  C R I S I S  ( Z Z Z t X )  

READ I N P U T  TAPE 5 t l 9 9 , N A X t N A Y  

READ I N P U T  TAPE 5 t 2 0 0 ~ N X Y  
READ I N P U T  TAPE 5 t 2 0 1 ~ C X g C Y  
READ I N P U T  TAPE 5 9 2 0 1  COX tOY 

199 FORMAT ( 2 A 6  ) 

301  READ I N P U T  TAPE 592019 ( X I  J J ) t Y (  J J ) t J J = l C N X Y )  
200 F O R M A T ( I 4 )  
2 0 1  F O R M A T I Z E 1 0 . 3 )  

W R I T E  OUTPUT T A P E  ~ * ~ ~ ~ , N A X , N A Y I C X C C Y C ( X ( J J ) C Y ( J J \ S J J = ~ ~ " Y )  
1 9 8  F O R M A T ~ ~ H ~ ~ ~ ~ X ~ A ~ C ~ ~ X ~ A ~ / / ~ ~ X C ~ O H C O N V E R S I O N ~ ~ O X C ~ O H C O N V E R S I O N /  

1 1 7 X ~ Z E 2 0 . 8 / / ( 1 7 X ~ 2 E 2 0 a 8 ) )  
C N A X s N A Y g z N A M E  O F  X AND Y ARRAYS 
C C X g C Y * = C O N V E R S I O N  FACTORS 
C O X g O Y * = O R I G I N S  FOR X g Y  P L O T S  
C X=X ARRAY O F  I N P U T  T A B L E S  
C Y=Y ARRAY OF I N P U T  T A B L E S  
C NXY=NUMBER OF ARRAY VALUES I N  EACH X AND Y 
C X X = A B S C I S S A  T A B L E  VALUES ( I N  OUR CASE H T )  
C Y Y a O R D I N A T E  T A B L E  VALUES ITEMPT,PHIT ,S lGMAT#ETCt )  
C DXXSDELTA H T  V A L U E  
C N=NUMBER OF VALUES I N  F I N A L  T A B L E  ( 1 9 1 )  
C JUMB FOR U N I T S  NEED CORRECTED FOR TAPE 
C N U M B = l  FOR P H I T  TO USE S I M P  S U B R O U T I N E t = O  FOR A L L  OTHERS 

DMONa 0 e 0 
GO T O ( 3 0 4 ~ 3 0 2 ~ 3 1 0 # 3 1 2 ) ~ J U M B  

310 DO 331 J J z l t N X Y  
Y ( J J ) = Y I J J ) * C Y  

331  X ( J J ) = X ( J J ) * C X  

AY=LOGF ( C Y  1 

X (  JJ) = X (  JJI /CX 

GO TO 304 

C A L L  S P L O T S (  X C  Y ~ N X Y ~ ~ ~ O C ~ O O O ~ O X ~ O Y ~ S X S S Y ~ ~ ~ ~  

DO 313 J J = l t N X Y  

313 Y I  JJ ) = L O G F I Y (  J J ) / C Y )  +AY 

3 1 2  DO 314 J J Z l r N X Y  
314 Y I  JJ ) = P ( I ) / I Y ( J J )  * C Y )  

GO TO 304 
3 0 2  DO 303 J J t l g N X Y  

Y I  JJ ) = Y (  JJ )*CY 
303 X (  JJ I = X (  JJ )*CX 
304 Y Y (  l l = Y (  1 )  

DXXP2.OE5 



3 4 9  
3 1 6  

3 1 7  
3 1 5  
3 5 0  

3 0 6  
3 0 7  

N = 2 8 1  
X X (  1 )=O.O 

DO 3 0 5  J=2,N 
I F  ( K I T E  3 5 0 , 3 4 9 , 3 5 0  

I F  I X X ( J - 1 1  - l o 9 9 E 7  3 1 5 9 3 1 6 9 3 1 6  
DXX=2eOE6 
I F  f X X ( J - 1 1  - 1 e 9 9 E 8  I 3 1 5 9 3 1 7 9 3 1 7  
DXX=2eOE7 
X X ( J I = X X ( J - l ) + D X X  
C A L L  T A I N T ( X t Y s X X f  J ) r Y Y f  J ) , N X Y t 3 b N E R R t D M O N )  
NERR=NERR 
GO TO ( 3 0 5 , 3 0 6 , 3 0 6 ) , N E R R  
WRITE OUTPUT TAPE 69307 ,XX(  J l c Y Y (  J) 
F O R M A T ( l H 1 9 2 8 X s 2 5 H E R R O R  I N  T A I N T  SUBROUTINE / / 3 0 X t 2 H X X n 1 2 X s 2 H Y Y / 2 4  

1 X t 2 E 1 5 . 8 )  
CALL-EXI T 

3 0 5  CONTINUE 
K I T E  = 1 

I F (  YUMB) 3 0 8  9 3 5  1,308 
3 0 8  P H I A (  1 j = Y Y (  11 

DO 3 1 1  J=2,N 
C A L L  S I M P ( P H I A (  J1,TFMPA ,YY t J t I I  I 
GO TO ( 3 1 1 , 3 0 9 + 3 0 9 t 3 0 9 ) , 1 1  

3 0 9  WRITE OUTPUT TAPE 6,3OO,I I ,J  
3 0 0  FORMAT( lH1928X925HERROR I N  S I M P  SUBROUTINE / / 3 0 X , 2 H I  t l 2 X 1 2 H J  / 2 4  

1x 92 110) 
C A L L  E X I T  

3 1 1  CONTINUE 
3 5 1  GO TO ( 3 2 1 , 3 2 1 , 3 3 2 t 3 2 1 1 9 J U M B  
3 3 2  DO 3 3 3  K = l , N  
3 3 3  Y ( K )  = E X P F ( Y Y f K l 1  

C A L L  PLOTWS(OXtOY,SX,SY$XXc Y,N,7+-17tNERR 1 
GO TO 3 2 2  

3 2 1  C A L L  SPLOTS ( X 9 Y , N X Y t 7 e O t l O i O t O X t O Y t S X t S Y t 1 7 )  
CALL PLOTWS f O X ~ O Y ~ S X ~ S Y , X X ~ Y Y , N , ~ B - ~ ~ ~ N E R R  1 

3 2 2  WRITE OUTPUT TAPE 6 9 2 5 3 t N A X , N A Y t S X t S Y , O X , O Y  
2 5 3  FORMAT ( 1H1,  5 X 9 A 6 9  5 X g A 6 9 5 X 9 1 0 H S C A L E  X ,E lOo3,SX, lOHSCALE Y = 

1 , E l O e 3 9 5 X , l O H  O R I G  X = g E l O e 3 t 5 X t l O H  O R I G  Y = ( E 1 0 0 3  1 
RETURN 



i 

C H T 2 1 3 6  EVA PFGOT SET UP SCALES AND PLOT 401 
SUBROUTINE S P L O T S ( X I Y t N U M , R A N G E X , R A N C E Y ~ O R I G X t O R I G Y p S C A L ~ X p S C A L € Y 9  

D I M E N S I O N  X ( 5 O O ) t  Y ( 5 0 0 )  
CALL C R I S I S  ( 2 2 2 9  A l l )  
XM=X ( 1 )  
DO 11 J = l , N U M  
I F  ( X M - X ( J ) )  1 0 ~ 1 0 ~ 1 1  

1 NBYM) 

10 X M = X ( J )  
11 CONTINUE 

YM=Y ( 1  1 
DO 13 J' lvNUM 
I F  ( Y M - Y I J ) )  1 2 t 1 2 t 1 3  

1 2  Y M = Y ( J )  
1 3  CONTINUE 

Q Y  = YM/RANGEY - l r O E - 3 0  

I F  (EXPQY ) 1 9 1 9 2  
EXPQY = (LOGF ( Q Y ) / 2 0 3 0 2 5 8  1 

1 EXPQY = EXPQY -100 
2 EXPQY = I N T F  ( EXPQY 1 

AQY = EXPF ( L O G F  ( Q Y k  - EXPQY * 2 , 3 0 2 5 8  1 
I F  ( A Q Y  - 2 8 0  ) 3 2 , 3 4 1 3 4  

3 2  SCALEY = 2 r 0 * 1 0 ~ 0 * * E X P Q Y  

3 4  I F  ( A Q Y  4 r 0  1 36936938 
GO TO 41 

3 6  SCALEY = 4 0 0 * 1 0 r 0 * * E X P Q Y  
GO TO 4 1  

3 8  SCALEY = l O r O * l O r O + + E X P O Y  
41 Q X  = XM/RANGEX - 1 r O E - 3 0  

EXPQX = (LOGF ( Q X  I /  2 8 3 0 2 5 8  1 
I F  (EXPQX ) 3 9 3 9 4  

3 EXPQX = EXPQX -100 
4 EXPQX = I N T F  ( EXPQX ) 

AQX = EXPF (LOGF ( Q X )  - EXPQX * 2 , 3 0 2 5 8  1 
I F  ( A Q X  - 200 1 4 2 , 4 4 9 4 4  

4 2  SCALEX = 2 0 0 * 1 0 r 0 + + E X P Q X  
GO TO 5 1  

44 I F  ( AQX - 4 0 0  1 4 6 1 4 6 9 4 8  
4 6  SCALEX = 4 rO* lOoO*+EXPQX 

4 8  SCALEX = l O e O * 1 O ~ O * * E X P Q X  
5 1  CALL PtOTWS ( O R I G X ~ O R I G Y f i S C A L E X t S C A L E Y ~ X ~ Y 9 N U K ~ 7 9 N 5 Y M ~ N E R R )  

GO TO 5 1  

RETURN 
END 



APPENDIX F 

FORTRAN PROGRAM FOR PLOTTING I N  PICTORIAL FORM THE RESULTS 

O F  THE PROGRAM I N  APPEXDIX B 

This program reads from magnetic t ape  t h e  results of t h e  program i n  
appendix B and p lo ts  t hese  results i n  p i c t o r i a l  form as shown i n  f igu res  41 
through 44. 



C H T 0 7 3 T  V A L  WATSON P L O T S  OUTPUT FOR H T 0 7 2 0  PLOTS TEMP 401 
D I M E N S I O M  H ( 1 0 0 1 ,  R ( 1 0 0 ) #  R H O U ( 1 0 0 1 ,  U f l O O ) #  R U H ( 1 0 0 ) t  R U U ( 1 0 0 ) t  

1 H H ( 1 0 0 0 ) ,  H R ( 1 0 0 0 ) t  H A V E f 1 0 0 0 ) #  R U H A ( 1 0 0 0 ) t  H R A V E ( 1 0 0 0 ) 9  
2 Q R ( 1 0 0 0 )  9 Q T ( 1 0 0 0 )  1 P R A D ( 1 0 0 0 )  t E f  10001 t P f  1 0 0 0 )  s Z(10001 
r t T E M P ( 1 0 0 )  

C A L L  C R I S I S ( Z Z 9 H )  

READ I N P l J T  TAPE 5 ,  100, C R A t  CRB9 C H #  CRU# CRUH 
READ I N P U T  TAPE 59 100, SR, SH, S R U t  SRUH, S U t  SRUU, EX 
READ I N P U T  TAPE 5 t 1 0 0 t S T E M P  
READ I N P U T  TAPE 5, 1049 NOTHC 

I F ( N 0 T H C )  4 0 0 , 4 0 0 , 4 0 2  

2 READ I N P U T  TAPE 5, 1049 K S t  KL,  K I t  N T A P E  

40 0 READ I N P U T  T A P E  59 100, A B  CPOK 
40 2 CONTINUE 
100 F O R M A T ( E l O a 3 )  
104  F O R M A T ( I 4 )  

I F  ( N T  -NTAPE 40,42 ,40  
40 C A L L  LOCATE ( 1 , N T A P E  

KEND = 1 
NT = NTAPE 

4 2  K S K I P  = KS-KEND 
I F ( K S K I P 1  7 0 0 , 7 0 2 , 7 0 0  

702 K S K I P  = -0 
700 C O N T I N U E  

C A L L  S K I P ( K S K I P t N T A P E 1  
KEND = K L  

NUMM = K L  - KS + 1 
KR = K I  
DO 50 K = 19NUMM 
READ TAPE NTAPE, M c  DIAM,  Z ( K ) ,  AMPS, E f K ) ,  W t  Q T ( K 1 ,  HWALL, 

1 P R A D ( K I 9  NMESH, P ( K ) b  FZO, LOC, EPS, DW, DP, DZi 
2 H A V E l K )  9 R U H A I K )  I HRAVE1K) 

READ TAPE NTAPE, ( R ( J ) ,  H (  J ) ,  U (  J ) ,  R H O U ( J ) t  J n l t N M E S H )  
U ( N M E S H P 1  = 000 

RHOU(NMESHP1 000 
R ( 1 )  = 000 
NMESHP = NMESH t 1 
R ( N M E S H P )  3 D I A M / Z  
H ( N M E S H P )  = HWALL 
H H ( K )  = H ( 2 )  
H R ( K )  = H A V E ( K I / H H  
Q R ( K )  = Q T ( K ) * P R A D  
KR = KR $. 1 
I F ( K I - K R )  10,10912 

10 KR = 0 
DO 8 J = l t N H E S H P  

0 

R U U ( J I  R H O U ( J l * U f J I  



R U H ( J )  = R H O U ( J ) * H I J )  

DOR = E X * Z ( K )  
ORA = CRA + DOR 
ORB = CRB + DOR 

8 CONTINUE 

OH = CH + 0e5*DOR 
ORU = CRU + 0o5*DOR 
ORUH = CRUH + 0*5*DOR 
NUM = 2*NMESH+l 
NP = NUM 
DO 2 0  JP l t N M E S H P  

J J P  = ( N M E S H P - J P t 1 1  
R(NPI = R ( J J P )  
H ( N P )  3 H ( J J P )  
U ( N P )  = U ( J J P 1  

R H O U ( N P )  = R H O U I J J P )  
RUU(NP1 = R U U ( J J P 1  
R U H I N P )  = R U H I J J P )  

C A L L  MTEMP ( P ( K )  , H ( N P )  ,TEMP(NP)  t 8 ,NERR) 
NP 3 N P - 1  

DO 22  J P 1 2 t N M E S H P  
2 0  CONT I NUE 

JPN f (JP+NMESH)  
R ( N P )  = OaO-R(JPN1 

H ( N P )  = H ( J P N )  
U ( N P )  = U ( J P N )  

RHOU(NP1 = RHOU(JPN1 
R l J U ( N P )  = RUU(JPN1 
R U H ( N P )  R U H ( J P N )  

T E M P ( N P ) = T E M P ( J P N )  

2 2  CONT I N  UE 
NP = NP-1 

C A L L  PLOTWS(ORA9 OH fi SR SH. R, H gNUMt79-1,NERR) 
C A L L  PLOTWSIORB, OH v SR B SU t RI U tNUMt7,-1,NERR) 
C A L L  PLOTWS(ORA, ORU t SR 9 SRU @ RI RHOU t N U M 9 7 # - l t N E R R )  
C A L L  PLOTWS(ORB9 ORU t SR 9 SRUU, R t  RUU ,NUMt7, - l tNERR)  
C A L L  PLOTWS(0RAs ORUHI SR 9 SRUHt R ,  RUH rNUMt7, -1 tNERR)  

C A L L  PLOTIIIS lORBtORUH~SR,STEMPtR,TEMPI”M,7, -1,NERR) 

IF(K-NUMM) 2 4 9 5 0 9 5 0  
1 2  CONTINUE 

2 4  C A L L  S K I P ( 1 , N T A P E )  
50 CONTINUE 

END F I L E  7 
C A L L  SPLOTS ( 2  9HH 9 NUMMt 1 O a O t  7a09 - 1 4 r O t - l 4 a t S S X , S S 1 ~ ~ 1 )  
C A L L  SPLOTS(Z,HAVEt  NUMM, 10a0, 7r0t - 1 4 a 0 , - 5 r O t S S X t S S 2 , - 1 )  
C A L L  SPLOTS ( 2  t RUHA t NlJMM t 10 a 0 @ 7 a O  -14r 0,+4r ,SSX 9SS3 (-1 1 
C A L L  SPLOTS(Z,E,  NIJMM, 10a0,  7 r0 ,  OaO,-14a,SSX,SS4#-1) 



i 

! 

C A L L  S P L O T S ( Z t Q T 9  NUMM, 1010, 7109 010#-' 5 r @ S S X , S S S # - l )  
C A L L  P L O T W S ( O I , - ~ I , S S X , S S ~ ~ Z ~ Q R ~ " M M ~ ~ ~ - ~ , N E R R )  
C A L L  S P L O T S ( Z 9 H R v  NUMM, 1010, 710, 010, 4 r t S S X t S S 6 , - L I  
C A L L  S P L O T S ( Z 9 P 9  NUMM, 1010# 7 ~ 0 8  000, 4 r , S S X + S S 7 # - 1 )  
I F ( N 0 T H C I  5 0 0 9 5 0 0 , 5 0 2  

500 20 = W * C P O K / 3 * 1 4 1 6  
ZRAR = Z ( N U M M ) / ( I O )  
H I N F  = 0 . 3 0 7  *CPOK*AMPS/ ISQRTF~A)*D IAM/2 .O)  

Q 1N.F = 0.383 1 *AMPS/ ( S Q R T F  ( A  )*D IAM+DIAM/4.0  
H I N F A  = H I N F * 0 * 4 3 3  

E I N F  = 2 0 4 0 /  ( S Q R T F  ( A  ) * D  I A M / 2  IO 1 
HOBAR = H H ( l ) / H I N F  
RUHAB = RIJHA( 1) / H I N F A  
H A V E 6  = H A V E ( l ) / H I N F A  
scz = S S X / I Z O )  
S C 1  = S S l / H I N F  
S C 2  = S S P / H I N F A  
SC3 = S S 3 / H l N F A  
S C 4  S S 4 / E I N F  
SC5 = S S 5 / Q I N F  
C A L L  T C U R V E ( Z B A R t R U H A B 9  -1410, -1400, SCZ, SCl9 N E R R )  
C A L L  T C U R V E ( Z E A R t R U H A 3 r  -14009 -5109 S C 2 ,  SC2, N E R R )  
C A L L  TCURVE(ZBAR,RUHABs -14.0, 400, SCZ, SC39 NERR)  
C A L L  E C U R V E ( Z D A R 9 R U H A B #  010, -1400, SCZ, SC49 N E R R )  
C A L L  TCURVE(ZBARIRUHAB, 010# -500, SCZC S C 5 9  NERR) 

END F I L E  7 
502 C O N T I N U E  

C A L L  SIMP(VOLTtZ,EsNUMMtNERRI 
NERR=NERR 
GO TO ~ 9 0 0 ~ 9 0 1 t 9 0 1 ~ 9 0 1 I t N E R R  

901 W R I T E  OUTPlJT T A P E  6 9 9 0 2  9NERR 
9 0 2  F O R M A T ( l H l t 2 5 H  ERROR I N  S I M P  NERR 8 1 2  1 

900 W R I T E  OUTPUT T A P E  69 2 0 4  
2 0 4  F O R M A T ( l H 1 t  3 0 H P L O T S  I N  MKS U N I T S  / 

1 1 x 9  5 0 H  SHEET 1 - R A D I A L  P R O F I L E S  / 
4 5 x 9  5 0 H  ENTHALPY - LOWER L E F T  / 
4 5 x 9  5 0 H  MASS F L U X  - CENTER L E F T  / 
4 5 x 9  5 0 H  ENERGY F L U X  - UPPER L E F T  / 
4 5 x 9  5 6 H  VELOC I TY - LOWER R I G H T  / 
4 5 x 9  5 0 H  MOMENTUM F L U X  - CENTER R I G H T  / 
4 5 x 9  5 0 H  TEMPERATURE - UPPER R I G H T  1 

C A L L  E X I T  

S L  = l r O / E X  

W R I T E  OUTPUT T A P E  69 2 1 0 9  SR, SL, S H t  SRU, SRUH, SUI SRUU9STEMP 
210 F O R M A T ( l H O 9  40H SCALES FOR R A D I A L  P R O F I L E S  ARE / 

1 2 0 x 9  J O H R A D I A L  D I S T A N C E  B E 1 0 1 3  / 

SR = A R S F ( S R 1  



- 
I 

1 20X, 3 0 H A X I A L  D I S T A N C E  9 E 1 0 1 3  / 
1 20x9 JOHENTHALPY 9 E 1 0 0 3  / 
1 2 0 x 9  30HMASS F L U X  9 E 1 0 1 3  / 
1 2 0 x 9  3OHENERGY FLUX 9 E 1 0 0 3  / 
1 2 0 x 9  3 0 H V E L O C I T Y  9 E 1 0 0 3  / 
1 2 0 x 9  30HMOMENTUM FLUX 9 E 1 0 0 3  / 
1 2 0 X  9 30HTEMPERATURE 9 E l 0 1 3  I 

W R I T E  OUTPUT TAPE 61  2 0 0  
2 0 0  FORMAT(1HOs 

1 5 0 H  SHEET 2 - A X I A L  P R O F I L E S  / 
2 5 x 9  5 0 H  C E N T E R L I N E  ENTHALPY - LOWER L E F T  / 
3 5 x 1  5 0 H  SPACE AVERAGE ENTH - CENTER L E F T  / 
4 5 x 9  5 0 H  MASS AVERAGE ENTH - UPPER L E F T  / 
4 5 x 9  5 0 H  VOLTAGE GRADIENT - LOWER R I G H T  / 
4 5 x 9  5 0 H  WALL HEAT FLUX - CENTER R I G H T  / 
4 5 x 9  5 0 H  PRESSURE GRADIENT - UPPER R I G H T  / 
4 5 x 9  5 0 H  R A T I O  OF AVE TO C L  ENTHALPY - UR 1 

1 9 VOLT 
W R I T E  OUTPUT TAPE 6 9  2 0 2 9  SSX, S S l c  SS29 S S 3 9  SS49 5559 SS79 S S 6  

2 0 2  F O R M A T ( l H O 9  4 0 H  SCALES FOR A X I A L  P R O F I L F S  ARE / 
1 2 0 X t  3 0 H A X I A L  D I S T A N C E  b E 1 0 1 3  / 
1 20x9 SOHCENTERLINE ENTHALPY 9 E 1 0 1 3  / 
1 2 0 x 9  30HSPACE AVERAGE ENTHALPY 9 E 1 0 e 3  / 
1 2 0 x 9  30HMASS AVERAGE ENTHALPY 9 E 1 0 1 3  / 
1 2 0 x 9  30HVOLTAGE GRADIENT 9 E 1 0 1 3  / 
1 2 0 x 1  30HWALL HEAT FLUXES 9 E 1 0 0 3  / 
1 2 0 x 9  30HPRESSURE GRADIENT 9 E 1 0 1 3  / 
1 2 0 x 9  3 0 H R A T I O  OF AVE TO C L  ENTHALPY 1 E 1 0 1 3  / 
1 2 0 x 9  SOHCONSTRICTOR VOLTAGE 

RAD1 U S z D  I A M  / 2  rO 
~OVA=W/(3r14159*DIAM*DIAM/4~0] 
HWOVA=HINF*WOVA 
S H I N F = S Q R T F ( H I N F )  

W R I T E  OUTPUT TAPE 6 , 3 0 O # Z O # R A D I U S  
P M K S = l r O l 3 E 5 * P ( l )  

r P ( 1 1  
300 F O R M A T ~ 1 H 1 ~ 4 X ~ 2 0 H ~ L C ) t o  

1 5 X t 2 0 H R  
1 5 X 9 2 0 H ( L C ) H ( I N F I  
1 5X,ZOH(LCIW/A 
1 5 X 1 2 0 H  ( L C I  H ( I N F I  L C )  W / A  
1 5 X . ~ 2 0 H ( L C l H ( I N F l * * l / 2  
1 5 X 9 2 0 H ( L C ) P ( O )  
1 5 X ; E 1 2 r 5 , 1 5 H  ATM 

W R I T E  OUTPUT T A P E 6 t 3 @ 1 , Z O 9 R A D I U S  
301  F O R M A T ( l H O 9 4 X , 2 0 H ( L C ) t ( O )  

1 5 X 9 2 0 H R  

9 H I N F  9WOVA 9HWOVA # S H  I N F  9PMK.S 9 

t E 1 2 6 5 9 1 5 H  M / 
~ E 1 2 e 5 9 1 5 H  M / 
9 E 1 2 1 5 1 1 5 H  J / K G  / 
# E 1 2 r 5 9 1 5 H  K G / S M * * P  / 
B E 1 2 e 5 9 1 5 H  W/M**2 / 
t E 1 2 e 5 9 1 5 H  M I S  / 
B E 1 2 r 5 9 1 5 H  NEWTONS/M**2 9 

/ /  1 
9 H I N  F fi H I N F A  # E  I N F  9 QI N F  9 PMKS 9 P ( 11 

t E 1 2 0 5 # 1 5 H  M / 
t E 1 2 r 5 9 1 5 H  M / 

I-J 
P 
W 



0 

8 5X#20HH(INF) ,E1205,15H J/KG / 
0 

0 

5X 9 20H (LC) H INF) ,E1205r15H J/KG / 

5Xr20HEI INF) tE1205t15H V / M  / 
SX,2OH(LC)Q(INF) ,E12r5~15H W/M**2 / 

0 5X,20H(LC)P(O) bE1205915H NEWTONS/M**2 t 
0 5 X ~ E 1 2 r 5 ~ 1 5 H  ATM / / )  

e /  5X929HI SIGNIFIES SUBSCRIPT / / /  
r5X+20HCP/K ,E1285,15H MS/KG / 
8 5x9 20HA rE12 5 v 15H 1 /V**2 1 

WRITE OUTPUT TAPE 69302 rCPOK,A 
302 FORMAT(lH0#4Xt29H(LC) SIGNIFIES LOWER CASE 

GO T O  2 
END 



C H T 0 7 3 8  V A L  VATSON - PLOT OF 1 / F ( Z l  
SUBROUTINE ECURVE(ZBAR,HOBAR~OX,OYBSX,SY,NERR)  
D I M E N S I O N  F ( 1 1 O ) g  Z (1101  , E ( 1 1 0 )  

I F  ( 1 r O - H O B A R l  191tZ 
1 NERR = 1 

GO TO 10 

NERR=O 

2 ZS:OiO- L O G F ( l r O ~ l i O B A R * H O B A R ~ / l l t S  
DZ  = Z R A R / l O O r O  
ZR = Z S  
DO 3 I = l t l O l  

F ( 1 )  = S Q R T F ( l r 0  - E X P F I - l l r S * Z R I I  
E (  I )  = l r O / F (  1 )  

I F (  E I )-5r0 1 20 9 209  22  
2 2  E ( 1 )  = 500 
20 CONTINUE 

Z ( 1 )  = ZR -2s 
3 ZR = ZR + D Z  

CALL P L O T W S ~ O X ~ O Y B S X B S Y ~ Z , E , ~ ~ ~ , ~ , - ~ ~ ~ N E R R )  

END 
10 RETURN 
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C H T 0 7 4 3  V A L  WATSON - P L O T  O F  F ( Z )  
S U B R O U T I N E  T C U R V E [ Z B A R t H O B A R t O X t O Y t S X , S Y , N E R R )  
D I M E N S I O N  F ( 1 1 O ) t  Z ( 1 1 0 )  

NERRZO 
I F  (1.O-HOBAR) l t l t 2  

1 NERR = 1 
GO TO 10 

D Z  = Z B A R / 1 0 0 a O  
ZR = Z S  
DO 3 I = l t l O l  

2 Z S = O a O -  LOGF(1a0-HOBAR*HOBAR)/ll~5 

F ( 1 )  = SQRTF(1 .0  - E X P F ( - l l a 5 * t R ) )  
Z ( 1 )  = ZR -2s 

C A L L  PLOTWS ( O X 9 0 Y  ~ S X I S Y  $ 2  1 F 1 1 0 1 , 7 t - l 7 t N E R R )  

END 

3 ZR = ZR + D Z  

10  RETURN 
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TABLE I. - SOURCES OF THERMODYNAMIC AND TRANSPORT PROPERTIES 
FOR HYDROGEN AND NITROGEFI 

Property 

h(J/kg) 

P 

k 

d 

CL 

R a d i a t i o n  

- .  I G a s  
.- 

y- 

N i t r o g e n  H y d r o g e n  
- 

0 - 7X107 7 ~ 1 0 ~  - 2 3 ~ 1 0 ~  O - 5.6~10’ 
R e f .  9 R e f .  10 R e f .  10 

R e f .  9 R e f .  10 
R e f .  10 R e f .  10 

R e f .  9 R e f .  11 

R e f .  10 R e f .  10 I 
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TABLE 11.- SEV3RAL INTERESTING PROPERTIES OF THE CONSTRICTED ARCS THA!I' ARE SHOm PICTORIALLY I N  FIGURES 

V 

-- -- -~-- 
Mass Space Wall heat M a x i m u m  

Flow rate Transpiration Inlet Constrictor verage average Voltage transfer w a l l  heat at 
Constrictor Current, rate , transfer maximum Computing Flow 

wall heat t i m e ,  choked coolin@; pressure, radiation, enthalpy enthalpy gradient 
m rate, I transfer min at ex i t  at exit a t  exit, a t  exit, at ex i t ,  a t  exit ,  a t m  amps atgr, mass flux, Figure Gas diameter, 

--. 
h I s 8  ;'ZA ~'ZA v'm 8: rate,  m 

cm 

-- ---- 

150 
im 
1000 

1000 

1000 

580 
580 
500 
loo0 

1000 

1500 
500 
500 

1000 

250 

l o  
ll 
12 

13 
1 4  
15 

I 

16 

17 
18 
1 9  
20 

28 
29 
30 
31 
32 
33 
34 
37 
38 
39 
41 
42 

43 
44 - 

.139 
1.619 
1.619 

.538 

.538 
3.760 
3.529 

' 2.268 
2.270 
2.268 
1.400 
2.2'70 

10.000 

10.000 

io.000 

N2 

H2 
H2 
N2 
N2 
N2 
H2 
N2 

.l20 

896 4.804 
693 2.159 
686 4.763 
473 4.854 
436 ' 4.795 

4.81 

a635 I 
1.270 

1.270 
1.000 

1.000 

1.270 
1.270 
1.270 

* 635 
,635 
1.270 

.635 

.635 

.635 
A35 V 

1.700 
.952 

1.544 
1.347 
1.211 

.504 

.337 

.565 
' .470 

,710 
.2'78 

1.000 

1.000 

1.000 

1.000 

1.157 
1.157 
1.0 

4.0 
4.0 
1.0 

4.0 
10.0 

10.0 

11.0 

0.209 
.231 
.233 
.254 
.219 
.188 
.I29 
. 107 

. u.6 

.w 

.223 

.274 

.io6 

.222 

.203 

.683 

.073 

.058 

.243 

.160 

.284 

.144 

.742 

.158 

. l l 2  

75.51 
17.66 
70.93 
6 7 . v  
79.93 

5.93 
7.03 
9.22 
5.83 

13.18 
4.73 

13-29 
8.26 
9.88 
7.00 

65.59 
50.82 
14.10 

98.65 
80.71 
12.51 
53-67 
99.19 
99.82 
86.65 - 

0.546 0.773 1855 

.455 , .6@ 1713 

.333 1, .501 ' 1506 

.759 .880 1351 

.2@ 

.677 

.604 

.561 

.546 

.468 

.m 
1.195 
1.204 
4.701 
5.320 
.408 
.462 

.609 
1.529 

.902 
1.833 

.721 
-351 
.278 
.279 

.460 , 1599 

.763 

.674 

.644 

.615 
9 554 
.548 

1.268 
1.329 

10.851 
12.407 

.575 
* 637 
.718 

1.571 

2.439 
.a42 

.766 

.4& 

.391 

10.150 

2260 
2090 
2230 
2020 

2140 
1910 
l'r13 
1492 
2370 
2050 
1724 
1505 
U19 
4760 
4408 
1470 
3140 
6480 
4660 

3260 

11.63 
16.12 

7.32 
3.50 
2.32 

26.10 
21. 80 
17.40 
18.10 
11.60 
14.20 
25.57 
25.62 
11.00 

24.50 
3.29 
5.30 

12.23 
12.40 
40.89 
45.50 
45.10 

138.00 
54.60 
21.50 

19.12 
16.20 
13.03 
7.00 , 

5.38 
26.10 ' 
21. 80 
17.40 
18.10 
ll. 60 
14.20 
26.74 
31-69 
12.50 
24.50 
7-36 
7 . 4  

13.12 
24.50 
80.65 
47.10 
48.80 

279.00 
143.00 
llO.OO 

0.038 ' 2.28 J 
.224 2.71 J ' 
.039 2.89 1 J 

.204 
.126 

.io6 

.067 

.022 

.467 

.025 

.022 

.015 

.w 

.028 

.012 

.006 

.m 

2.92 

3.00 
1.82 
1.86 
2.98 

--- 

2.34 
2.39 
1.23 
2.65 

1.89 
1.94 

1.74 
2.12 

J 
J 
J 

J 
J 
J 

J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 

i 



LEGENDS FOR THE COLUMNS O F  TABLE I1 

Figure number - f i g u r e  i n  which t h e  numerical so lu t ions  a r e  shown p i c t o r i a l l y  
a t  t h e  end of t h i s  r epor t .  

G a s  - type  of gas used i n  t h e  ca l cu la t ions  ( t h e  gas p rope r t i e s  used are shown 
i n  f i g .  3 ) .  

Constr ic tor  diameter - diameter of t h e  constant  area por t ion  of t h e  
c o n s t r i c t o r .  

Current - t h e  t o t a l  a r c  cur ren t  passed through t h e  c o n s t r i c t o r .  

Flow r a t e  a t  e x i t  - t h e  t o t a l  gas flow passed through t h e  c o n s t r i c t o r  (when 
no gas en te r s  through t h e  c o n s t r i c t o r  w a l l s ,  t h i s  i s  equal t o  t h e  gas 
flow r a t e  a t  t h e  i n l e t ) .  

Transpi ra t ion  cooling mass f l u x  - t h e  gas flow t r a n s p i r e d  through t h e  
c o n s t r i c t o r  w a l l s .  

I n l e t  p ressure  - pressure  a t  t h e  cons t r i c to r  i n l e t .  

Constr ic tor  length  - t h e  length  between t h e  c o n s t r i c t o r  i n l e t  and t h e  
c o n s t r i c t o r  e x i t .  

Percent r a d i a t i o n  a t  e x i t  - t h e  percentage of t h e  w a l l  heat  flux a t  t h e  
c o n s t r i c t o r  e x i t  t h a t  i s  due t o  t h e  r a d i a t i o n  heat  l o s ses .  

Mass average enthalpy at e x i t  - t h e  energy f l u x  at t h e  cons t r i c to r  e x i t  
divided by t h e  flow r a t e  ( t h i s  i s  t h e  average enthalpy obtained by sub- 
t r a c t i n g  t h e  t o t a l  heat  l o s ses  from t h e  t o t a l  power input and dividing 
by t h e  flow r a t e  - normally c a l l e d  t h e  f irst  l a w  enthalpy measurement). 

Space average enthalpy a t  e x i t  - h dA at  t h e  c o n s t r i c t o r  e x i t .  

Voltage gradien t  at e x i t  - t h e  vol tage  gradien t  within t h e  a r c  measured a t  
A A  

t h e  c o n s t r i c t o r  e x i t .  

W a l l  heat  t r a n s f e r  r a t e  a t  e x i t  - t h e  heat  t r a n s f e r  r a t e  impinging on t h e  
cons t r i c to r  w a l l  at t h e  e x i t .  

Maximum w a l l  heat  t r a n s f e r  r a t e  - t h e  maximum heat  t r a n s f e r  r a t e  impingement 
on t h e  c o n s t r i c t o r  w a l l .  

Length at maximum w a l l  heat  t r a n s f e r  r a t e  - t h e  a x i a l  pos i t i on  a t  which t h e  
maximum w a l l  heat  t r a n s f e r  r a t e  occurs.  
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Computing t i m e  - t h e  computing t i m e  requi red  on t h e  IBM 7094 f o r  t h i s  
numerical ca lcu la t ion .  

Flow choked a t  exit - a check i n  t h i s  column ind ica t e s  %hat t h e  flow i s  
aerodynamically choked at  t h e  cons t r i c to r  exit.  
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Plasma generator  s i z e  

D i a m e t e r  of t h e  constant a r ea  c o n s t r i c t o r  . . . . . . . . . . .  0.00635 m 
Length o f t h e  constant  area c o n s t r i c t o r  . . . . . . . . . . . .  0.16 m 
Diameter of t h e  nozzle e x i t  . . . . . . . . . . . . . . . . . . .  0.0318111 

Operating condi t ions 

C u r r e n t . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 O O A  
~ r c  vol tage  . . . . . . . . . . . . . . . . . . . . . . . . . . .  620 v 
Mass flow rate (ni t rogen)  . . . . . . . . . . . . . . . . . .  0.00227 kg/s 
Chamber pressure  . . . . . . . . . . . . . . . . . . . . .  4 . 0 5 ~ 1 0 ~  N/m2 

(4.0 a t m )  

53 percent'  
Resul t ing m a x i m u m  cons t r i c to r  w a l l  heat  t r a n s f e r  r a t e  . . .  4 . 8 ~ 1 0 ~  W/m2 
Eff ic iency of cons t r i c t ed  a r c  . . . . . . . . . . . . . . . .  

lplasma p rope r t i e s  at t h e  cons t r i c to r  e x i t  

Center - l i ne  enthalpy . . . . . . .  
Center- l ine energy f l u x  dens i ty  . . 
Center- l ine ve loc i ty  . . . . . . .  
Center-l ine temperature . . . . . .  
Pressure . . . . . . . . . . . . .  
Center - l i ne  e l ec t ron  number densi ty  
Center - l i ne  degree of ion iza t ion  . 
Center - l i ne  e l e c t r i c a l  conduct ivi ty  

[Plasma proper t ies  a t  t h e  nozzle exit 

I Size  of uniform stream (less than  10-percent v a r i a t i o n )  . . . . . .  0.01 m 

3. %lo8 W/m2 
~ Center- l ine t o t a l  enthalpy . . . . . . . . . . . . . . . . .  1 . 5 ~ 1 0 ~  J/kg 

Center- l ine ve loc i ty  . . . . . . . . . . . . . . . . . . . . .  9x10~ m/s 
1.2XlO'* kg/m3 

magnitude only) . . . . . . . . . . . . . . . . . . . . . .  4 ~ 1 0 ~  l/n-m. 

magnitudeonly) . . . . . . . . . . . . . . . . . . . . . . . . . .  100 

magnitude only)  . . . . . . . . . . . . . . . . . . . . . . . . . .  0.5 

Enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . .  1.5X108 J kg 
Temperature . . . . . . . . . . . . . . . . . . . . . . . . . .  14,500 K 
Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . .  2x10~ N/$ 

(0.2 a t m )  
Electron number densi ty  . . . . . . . . . . . . . . . .  4 ~ 1 0 ~ ~  electrons/cc 
Degree of i on iza t ion  . . . . . . . . . . . . . . . . . . . .  75 percent 
E l e c t r i c a l  conduct ivi ty  . . . . . . . . . . . . . . . . . . . .  5 ~ 1 0 ~  1 / R - m  

Center- l ine energy f l u x  densi ty  . . . . . . . . . . . . . . .  
Center - l i ne  dens i ty  . . . . . . . . . . . . . . . . . . . .  
Center - l i ne  e l e c t r i c a l  conduct ivi ty  (order of 

Center-l ine Reynolds number per cm (order of 

Center-l ine magnetic Reynolds number per cm (order of 

IPlasma proper t ies  i n  t h e  s tagnat ion  region ahead of a b lunt  tes t  body 

b 

. . . . . . . . . . . . .  1 . 4 X 1 0 8  J/kg 

. . . . . . . . . . . . .  4.2~10~ m/s 

. . . . . . . . . . . . .  55 gercent 

. . . . . . . . . . . . .  8 . 7 ~ 1 0 ~  w / r 8  

16, oooo 
2 . 2 ~ 1 0 ~  N/S 

. . . . . . . . . . . . .  i . . . . . . . . . . . . .  . . . . . . . .  3 . 5 ~ 1 0 ~ ~  electrons/cm3 

. . . . . . . . . . . . .  7x10 i /n-  

J I 
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Figure 1. - The constricted-arc plasma generator. 
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Figure 2 . -  Values of gas proper t ies  used t o  prepare tapes  for t h e  numerical ca lcu la t ions .  
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Figure 35.- The asymmetrical cons t r ic ted  a r c  with an a x i a l  f low of gas; enthalpy and mass flux as 
functions of radius  and azimuthal posi t ion;  I = 580 A; rh = 0.00353 kg/s; R = 0.00635 m; zo = 3.50 m; 
h, = 1 . 8 9 ~ 1 0 ~  J/kg; h/A = 27.8 kg/sm2; po = 1 . 1 7 ~ 1 0 ~  N/m2 (1.16 a t m ) .  
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Figure 35. - Continued. 
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